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ABSTRACT
Dynamic nuclear polarization methods were studied at high magnetic field strength and
were applied to improve the sensitivity of the nuclear magnetic resonance spectroscopy of
biological solids. Studies of the dynamics of electron-nuclear polarization transfer via the
solid effect and thermal mixing at 5 Tesla are described for two systems: the free radical
BDPA doped into polystyrene and the nitroxide TEMPO in a water:glycerol matrix. A
model for thermal mixing at high magnetic fields in paramagnetic systems such as TEMPO
which exhibit partially inhomogeneous EPR lines is developed in which electron-electron
cross relaxation across the EPR line is explicitly included.
The TEMPO/water/glycerol matrix is exploited for polarization transfer to biological
solutes. As a demonstration, enhancements of up to two orders of magnitude were
exhibited in the high-resolution "1 N magic-angle spinning spectra of the protein T4-
lysozyme. The potential of this method as a general signal enhancement tool for biological
systems is assessed.
These dynamic nuclear polarization experiments at 5 Tesla require high-power microwave
irradiation at or near the EPR frequency. To that end, a cyclotron resonance maser, or
gyrotron, is described. This 140 GHz gyrotron, which under conventional operation
produces millisecond pulses, has been adapted to operate at -100 W in a quasi-CW mode
for tens of seconds, the time required for electron-nuclear polarization transfer.
Thesis Supervisor: Robert G. Griffin
Title: Professor of Chemistry
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Chapter 1
Introduction
Solid-state nuclear magnetic resonance spectroscopy (NMR) is emerging as a
powerful tool for biological structural determination. However, NMR exhibits an
inherently low sensitivity, a fact which often is the primary factor determining the
feasibility of an experiment. While high-field superconducting magnets and improved
receiver and probe technology have been crucial developments, structural measurements on
macromolecular systems still push the sensitivity limits of the technique.
This thesis describes efforts to improve the sensitivity of the solid-state NMR
spectroscopy of biological systems via dynamic nuclear polarization (DNP). DNP is a
method which delivers the large spin polarization of unpaired electronic spins to nuclear
spins in a process driven by irradiation at or near the electron paramagnetic resonance
(EPR) frequency. DNP was first demonstrated early in the development of NMR
spectroscopy and has found great utility for the production of high nuclear spin
polarizations for targets in nuclear physics and in the study of magnetic ordering at low
temperature. However, the applications of DNP to solid-state NMR spectroscopy have
been somewhat limited, consisting mainly of the study of polymer systems and
cabonaceous solids at relatively low magnetic fields. The goal of the experiments described
in this thesis is to incorporate DNP in a framework which is compatible with high-
resolution NMR measurements of biological solids at high magnetic fields.
DNP refers to a family of electron-nuclear polarization transfer pathways, or
mechanisms, whose efficiencies depend on a multitude of parameters, such as the EPR
lineshape, the electronic and nuclear relaxation times, and the magnetic and microwave field
strengths. Chapter 2 introduces several of these methods of electron-nuclear polarization
transfer and discusses the critical issues involved with applying them at high magnetic
fields. The polarization dynamics of the solid effect, the first DNP mechanism
demonstrated in a dielectric solid, are reviewed, and the technique is applied to a model
polymer system (polystyrene doped with the free radical BDPA) at 5 Tesla. While sizable
signal enhancements were obtained, there are several factors which complicate the
application of the solid effect as a general polarization enhancement tool at high magnetic
field strengths. Most importantly, because the transfer proceeds via irradiation of an
electron-nuclear transition whose probability is severely attenuated at high fields, it is
extremely difficult to generate the microwave field strengths necessary to saturate the
transition, suggesting DNP methods which exhibit less rigorous microwave power
requirements may achieve higher efficiencies at high magnetic fields.
Chapter 3 discusses some of the technical considerations in incorporating DNP into
solid-state NMR experiments at 5 Tesla. The most compelling experimental challenge is
the creation and delivery of the microwave power necessary to drive the DNP transition,
since, for g = 2 electrons, the EPR frequency (140 GHz) is in the millimeter-wave region.
Standard high-frequency microwave devices are not sufficiently powerful to efficiently
drive polarization transfer in this frequency regime; instead we have utilized a cyclotron
resonance maser, or gyrotron, source for our experiments. The advantages of gyrotron
sources, along with the modifications necessary to make them suitable for DNP and EPR
applications, are described.
The efficiency of high-field DNP experiments generally improves dramatically at
very low temperatures, which is due primarily to the decrease in polarization leakage via
spin-lattice relaxation processes. However, high-resolution solid-state NMR experiments
are generally performed at temperatures above 120 K, where the implementation of magic-
angle spinning (MAS) is straightforward. In order to take advantage of the low-
temperature efficiency of the DNP experiments, a DNP/MAS system was constructed
which operates at temperatures as low as 30 K. The key features of the experimental setup
are described.
Chapters 4, 5, and 6 discuss efforts to develop a methodology to apply DNP to
biological systems at high field, utilizing a nitroxide free radical as the polarization agent.
Chapter 4 presents initial observations of high proton DNP enhancements in a
water/glycerol frozen solution doped with the nitroxide spin label TEMPO at approximately
14 K. Polarization transfer is also observed to an amino acid dissolved in the frozen
solution, suggesting that the TEMPO system may act as a general polarization matrix for
biological solutes. A significant advantage of this scheme, based on a thermal mixing of
the electronic and nuclear spins, is that the microwave power requirements are significantly
less stringent than those of the solid effect mechanism.
In Chapter 5, the methodology is extended to high-resolution conditions and
applied to a protein, T4-Lysozyme. Enhancements of nearly two orders of magnitude are
achieved in the MAS spectrum of the 18.7 kD protein dissolved in frozen solution. The
range of systems to which this technique may potentially be applied is discussed.
While the mechanisms of electron-nuclear polarization transfer are relatively well-
understood at low magnetic fields, the transfer dynamics will often differ greatly at high
magnetic field strengths. In Chapter 6, the polarization dynamics in the TEMPO system
under low-power irradiation at 5 Tesla are investigated, and a high-field analog of thermal
mixing is demonstrated to be the dominant mechanism. We demonstrate that the spin
temperature formalism used to describe this mechanism of polarization transfer for a system
exhibiting a single homogeneous EPR line does not adequately explain the the dynamics in
the TEMPO system at 5 Tesla. The effect of electron-electron cross-relaxation across the
inhomogeneous TEMPO line must be explicitly considered in order to model the salient
features of the polarization transfer process. In addition to DNP measurements, we present
pulsed EPR and ELDOR (electron-electron double resonance) experiments which help to
quantify the necessary cross-relaxation parameters.
Chapter 2
Dynamic Nuclear Polarization at High Magnetic
Fields
Introduction
In the fifty years since the advent of nuclear magnetic resonance (NMR)
spectroscopy, great strides have been made toward improving the inherently low sensitivity
of the technique. A variety of methods have been employed toward improving signal-to-
noise ratios, all of which can be loosely classified into three categories: technical,
chemical, and spectroscopic. Technical advances include the extension of NMR to high
magnetic fields, which has been made possible by the introduction of superconducting
magnets, improved probe design, and the development of high-power RF sources and
amplifiers. The most common example of chemical modification of the sample is the
isotopic labeling of magnetically active nuclei which have a low natural abundance. A host
of spectroscopic advances have resulted in significantly increased signal-to-noise ratios.
These include the introduction of Fourier transform NMR spectroscopy 2 and the
development of multiple resonance schemes which transfer polarization between nuclear
spin systems.3
The low sensitivity of NMR derives mainly from the small energy splittings which
characterize the technique. Nuclear spin polarizations are well below .01% at thermal
equilibrium under typical experimental conditions; methods to induce high non-equilibrium
spin polarizations would be beneficial. Early efforts toward this goal have focused
primarily on achieving extremely high (>80%) polarizations at temperatures below 1 K for
targets in nuclear scattering experiments4 or for studies of low-temperature spin
ordering. 5,6
More recently, a number of groups have begun to apply two general classes of
polarization enhancement schemes to NMR spectroscopy: optical pumping and dynamic
nuclear polarization (DNP). Optical pumping is a transfer of angular momentum, often
proceeding through a series of steps, from circularly polarized light to electronic or nuclear
spins. Optical pumping techniques have been used for a variety of applications in NMR
spectroscopy. 7 For example, hyperpolarized noble gases 8 such as 129Xe have been utilized
for the characterization and imaging of cavities in materials and organisms 9 and as a
polarization source for other nuclear species on surfaces 10 or in solutions. 11 In addition,
optical pumping has been successfully applied to a number of semiconductor systems. For
example, highly enhanced nuclear spin polarizations have been generated in quantum well
structures via Overhauser effect transfer from hyperpolarized conduction states. 12
Optical pumping experiments generally proceed via the excitation of a transient,
highly polarized electronic state followed by transfer to the target nuclei via one of a
number of possible methods. On the other hand, a DNP experiment transfers the thermal
equilibrium polarization of stable, unpaired electronic spins, either endogeneous or doped
into the sample, via microwave irradiation at or near the electronic paramagnetic resonance
(EPR) frequency. If maximal polarization is transferred to the nuclei, the NMR signal
enhancement would be equal to the ratio of the electronic and nuclear gyromagnetic ratios
(Ye/Yn), which, for g = 2 electrons, corresponds to - 660 for 'H spins and - 2600 for
13C spins.
A number of investigators have achieved significant results in the application of
DNP to solid-state NMR spectroscopy at relatively low magnetic fields (.3 - 1.5 T), but the
range of samples studied has been somewhat limited. The technique has been applied
mainly to carbonaceous solids such as diamond 13 and coal 14 (which contain endogenous
paramagnetic impurities) and to polymers doped with aromatic free radicals. 15-17 It is
clearly of interest to extend the technique to higher magnetic field strengths to exploit the
greater spectral resolution and sensitivity available there and to explore the applications of
DNP to a wider family of samples.
However, a major technical impediment to the implementation of the technique at
high fields has been the dearth of reliable high-power, high-frequency microwave sources.
Most of the currently available sources, such as the extended interaction oscillator (EIO) or
backward wave oscillator (BWO), rely on fragile slow-wave cavity structures that have
relatively short lifetimes and therefore prohibitive operating costs. However, plasma
physicists have developed cyclotron resonance maser (gyrotron) sources to produce high-
power microwaves in the millimeter-wave regimes for the heating and diagnosis of
plasmas. 18 One of the primary advantages of the gyrotron is that it emits radiation at a
frequency determined principally by the strength of a static magnetic field rather than the
dimensions of a small cavity structure. Unlike standard slow-wave microwave sources,
the dimensions of the gyrotron resonator can be quite large compared to the wavelength of
the radiation emitted, making the production of high-frequency, high-power (102 - 106 W)
radiation possible without the generation of damagingly large energy densities. Gyrotron
operation has been demonstrated from 8 - 600 GHz 19 and could therefore be utilized in
DNP experiments in the 12-900 MHz 'H NMR regime, considerably expanding the range
of DNP/NMR experiments.
Although these characteristics make the devices potentially attractive for high-field
DNP experiments, most gyrotrons are designed for applications in the high-power (kW-
MW), short pulse regime (gs) which generally demand relatively low frequency stability
(100 - 1000 ppm). On the other hand, DNP applications require high frequency stability
over longer pulse lengths; however, the peak power requirements are significantly lower
than for standard applications of gyrotrons. Given these constraints, our laboratory
redesigned a 140 GHz gyrotron to perform DNP and EPR experiments at 5 T magnetic
field strengths.20 It is capable of producing up to 100 W of power in a CW mode with a
frequency drift which has been reduced to 2 ppm. The technical details of the 140 GHz
gyrotron are extensively discussed in the Chapter 3.
The gyrotron source opens the possibility of performing DNP routinely at high
magnetic fields. However, DNP techniques which have primarily been optimized for
polymer samples at low magnetic field strengths are not necessarily straightforward to
extend to a broad range of systems at high magnetic fields, because the efficiency of the
DNP polarization transfer pathways, or mechanisms, is strongly dependent on a number of
experimental parameters which can differ greatly from low to high magnetic field strengths.
The main focus of this thesis concerns the development of strategies to incorporate DNP
into the high-resolution solid-state NMR spectroscopy of biological systems at high
magnetic fields. Before discussing biological systems, however, the main mechanisms of
DNP will be reviewed, and our initial DNP results at high field on a model polymer system
will be discussed.
The Mechanisms of DNP
A range of DNP methods have been developed since the concept of electron-
nuclear polarization transfer was first suggested by Overhauser. He predicted 21, and
Carver and Slichter soon verified 22, that saturation of the EPR signal of a metal would
result in a highly enhanced NMR signal. This so-called Overhauser effect requires a time-
varying electron-nuclear interaction, and, as such, its utility has been limited primarily to
liquid and metal systems, where the movement of the electronic spins relative to the nuclear
spin drives Overhauser relaxation.
A number of DNP methods have been demonstrated in dielectric solids, where the
electron-nuclear interactions are predominantly time-independent. These methods can be
loosely categorized by the electronic and nuclear frames between which polarization
transfer occurs (Table 2.1). All the DNP results presented in this thesis proceed from the
electronic laboratory frame, as this class of mechanisms generally exhibits the least
stringent experimental requirements on the strength of the microwave driving field.
However, it is useful to briefly review transfer methods arising from the electronic rotating
frame.
Table 2.1: DNP methods which have been demonstrated in dielectric solids, categorized by
the frames between which the electron-nuclear polarization transfer occurs.
Electronic Frame Nuclear Frame DNP Mechanisms
Laboratory Laboratory Solid Effect4
Thermal Mixing 2 3 ,24
Cross Effect 2 5 ,26
Direct Nuclear Spin Cooling 27
Laboratory Rotating Thermal Mixing & Solid Effect to the Nuclear Rotating Frame2 8
Rotating Laboratory Nuclear Orientation via an Electron Spin-Lock (NOVEL) 29 ,3 0
Integrated Solid Effect (ISE)3 1, 32
DNP from the Electronic Rotating Frame
The electronic rotating-frame DNP experiments rely on matching the Hartmann-
Hahn condition3 , which is ubiquitous in NMR to effect polarization exchange between
high- and low-y nuclear spins. This condition requires the effective frequencies, in the
appropriate frame of reference, of the electronic and nuclear spins to be equal (De = (On).
Off-diagonal terms of the dipolar coupling between the two spins may then induce energy-
conserving electron-nuclear flip-flop transitions, driving the species to a common spin
temperature. For the transfer from the electron rotating frame to the nuclear laboratory
frame, the Hartmann-Hahn condition corresponds to
Ye Ble= Yn B', (2.1)
where Bo is the external magnetic field strength, Ble is the microwave field strength at the
EPR frequency, and y, and y, are the electronic and nuclear gyromagnetic ratios,
respectively.
While Hartmann-Hahn polarization transfer to the nuclear laboratory frame has been
successfully applied to a number of systems at low magnetic field 30, 33, applying the
technique at high magnetic field strengths would currently prove extremely difficult because
microwave field strengths are generally insufficient to match the resonance condition in
Equation (2.1). In addition, this experiment requires the transfer of the equilibrium
electronic polarization to the rotating frame before polarization transfer. The standard
method, as was performed in the NOVEL (Nuclear Orientation via Electron Spin-Locking)
experiment29 , is a n/2 pulse followed by a long spin-lock pulse, phase shifted 900 from the
first pulse. The application of such a pulse sequence at 5 Tesla is difficult, because 140
GHz microwave switches which can withstand the high power necessary for DNP have
only recently been developed and they exhibit high insertion losses and poor transient
behavior. However, a similar approach to NOVEL, the integrated solid effect (ISE) 3 1,32,
may prove to be more feasible at high magnetic fields. The ISE proceeds via an adiabatic
passage through the Hartmann-Hahn condition by fast sweeping of either the external
magnetic field strength or the microwave frequency.
In addition to transfer to the nuclear laboratory frame, polarization transfer between
the rotating frames of the electronic and nuclear systems is plausible, although to our
knowledge, there has been no experimental demonstration of this effect. The main barrier
to implementation is the large mismatch between the electronic and nuclear gyromagnetic
ratios. Matching the Hartmann-Hahn condition,
Ye Ble= Yn Bln, (2.2)
where B1n is the field strength of the rf field, would require an extremely weak electronic
field, severely impairing the spin-lock efficiency and increasing offset effects. Methods
which induce a weak effective field while retaining a strong spin-lock field have been
suggested to circumvent this problem. 34
Since the Hartmann-Hahn methods rely on high probability electron-nuclear
transitions to effect polarization transfer, they could potentially exhibit higher electron-
nuclear transfer efficiencies and faster transfer rates than the other DNP methods which will
be discussed. However, at this stage, technical requirements have made the application of
these techniques extremely difficult at high magnetic fields. DNP experiments in the solid
state at high magnetic fields therefore have focused primarily on electronic laboratory
frame-nuclear laboratory frame transfer mechanisms. These methods are the most
straightforward to implement since they are driven by continuous-wave (CW) microwave
irradiation at the Larmor frequency of the electrons. Table 2.1 lists several pathways
through which laboratory frame-laboratory frame transfer has been demonstrated. While
each of these mechanisms is relatively well-characterized at low magnetic fields, there have
been few applications at field strengths comparable with modern solid-state NMR
spectrometers. Therefore, our initial efforts focused on characterizing the basic DNP
mechanisms at 5 Tesla on a well-studied polymer system, polystyrene doped with the free
radical BDPA.
1++> + q*l+-> NMR
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Figure 2.1: Energy diagram of an isolated electron-nuclear system. The electron and
nucleus are both spin - and coupled to one another by the dipolar interaction. The non-
secular terms of the dipolar Hamiltonian cause a slight mixing (q) of the pure Zeeman
eigenstates, rendering the two-spin transitions somewhat allowed.
DNP via the Solid Effect in a Model Polymer System at 5 Tesla
Introduction
An isolated system consisting of an electronic and nuclear spin, both spin 1/2,
exhibits the following spin Hamiltonian:
S= -,S, - (o,nIz + 'en (2.3)
where S is the electron spin operator, I is the nuclear spin operator, (we = Ye Bo, and
0, = y, Bo. The first two terms describe the Zeeman interactions of the electrons and
nuclei, respectively, 'e,, denotes the electron-nuclear spin-spin interaction (or hyperfine
interaction), which, in general, can consist of a scalar term and a dipolar term. The scalar
term arises when electronic spin density exists on the nuclear spin. In bulk nuclei of
dielectric solids, the scalar term is usually negligible, so the hyperfine interaction can
describely solely by the dipolar term.
Under a pure Zeeman Hamiltonian, the only allowed transitions are the single-spin
EPR and NMR transitions, at ve = de / 2 r and vn = wn / 2 r, respectively. The two-spin,
electron-nuclear transitions are strictly forbidden. However, the dipolar hyperfine
interaction contains terms which are non-secular in the Zeeman Hamiltonian, leading to a
slight mixing of the pure Zeeman eigenstates (Figure 2.1) thereby rendering the two-spin
transitions slightly allowed. Irradiation of either of these electron-nuclear transitions drives
polarization transfer from the electronic to the nuclear spins via the solid effect mechanism.
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Figure 2.2: Model for the solid effect in a dilute electronic system. The
polarized via irradiation of an electron-nuclear transition. Fast electronic
one electron to service many nuclei.
nuclear spins are
relaxation allows
The high electronic spin polarization is driven to nuclear spins, and not vice versa,
because electronic relaxation times are typically orders of magnitude larger than the
corresponding values for nuclear spins. A simplified model for this effect is shown in
Figure 2.2. We consider the typical case of one dilute electron coupled to a number of
nuclear spins. (For the sake of simplicity, the gyromagnetic ratios of the electronic and
nuclear spins are considered to have the same sign.) At thermal equilibrium the electronic
polarization is much larger than the nuclear polarization, so the nuclear spins are effectively
4,
4,
4,
4,
equally likely to be spin up or spin down in comparison to the relatively highly polarized
electron spin. Irradiation at ve - v, drives an electron-nuclear flip-flop, increasing the
nuclear polarization. Fast spin-lattice relaxation (in a time on the order of T,,e) returns the
electron spin to thermal equilibrium, while the nuclear polarization is unperturbed. The
electron is then available to undergo a flip-flop transition with a different nuclear spin.
Since T,
, is much longer than Te, each electron can service many nuclear spins before
spin-lattice relaxation affects the polarized nuclei. If nuclear relaxation were extremely
slow, the nuclear polarization would eventually equal the electronic polarization at thermal
equilibrium. As illustrated in Figure 2.3, irradiation of the outer DNP transition at Ve + Vn ,
would produce an enhanced nuclear polarization in the opposite direction.
-6-
Irradiation at Ve
No Enhancement
Irradiation at v e- v n
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Enhancement
-- _--
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Figure 2.3: Populations of an electron-nuclear spin system under microwave irradiation.
The population size is represented by the size of the circle, and population differences are
highly exaggerated. Irradiation at the EPR frequency results in no change in the nuclear
polarization from thermal equilibrium. Irradiation of the inner DNP transition equalizes the
population of the states it connects, and electronic relaxation induces a positive polarization
enhancement upon the nuclear sublevels. Similarly, irradiation of the outer DNP transition
produces a negative polarization enhancement.
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Experimental Results
The solid effect was first demonstrated experimentally by Abragam and Proctor in
1958 on LiF35, and has more recently been integrated into high resolution solid-state NMR
experiments at low magnetic field strengths (.3 - 1.4 T). 17 Initial DNP experiments at 5
Tesla in our laboratory were targeted to access the efficiency of polarization transfer via the
solid effect at high magnetic field strength. Signal enhancements of -10 for 'H and -40 for
13C were obtained with a sample consisting of polystyrene (PS) doped with the free radical
BDPA (o, y-bisdiphenylene-p-phenylallyl) at a level of 2% by weight. BDPA displays an
unusually narrow EPR linewidth, and thus is commonly used for DNP applications, since
it allows a large density of the electronic spins to be on resonance with the microwave
driving field. As will be discussed later, the narrow EPR linewidth (-10 G) precludes
polarization transfer to 'H spins via other DNP mechanisms, so BDPA is ideal to assess a
system whose dynamics are described purely by the solid effect at high magnetic fields.
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Figure 2.4: 13 C cross-polarization MAS spectrum of 2% BDPA/PS at 5 T and room
temperature. In the top trace, the sample was irradiated for 8 seconds with microwaves of
frequency ve - v, before acquisition. In the bottom trace, the sample was not subject to
microwave irradiation. The pulse sequence used is shown above the spectrum.
In Figure 2.4, 13C MAS spectra acquired using 'H-1 3C cross-polarization (CP) are
shown. In the top trace, CP was preceded by an eight-second period of 139.5 GHz
microwave irradiation from the gyrotron source, with the external magnetic field adjusted
so that the microwave irradiation frequency was ve - VH. The bottom trace was recorded
without microwave irradiation. As in most experimental implementations of EPR and
DNP, the frequency of the microwave source is fixed, and the magnetic field is adjusted to
meet the resonance condition, since it is difficult to sweep the frequency of microwave
sources quickly and accurately.
The signal enhancement observed in Figure 2.4 reflects the polarization transfer
from the electron spins to the proton spins, as the carbon polarization after the cross-
polarization sequence is prortional to that of the proton bath. Figure 2.5 shows spectra
acquired with microwave irradiation at ve - VC, Ve, and ve + v c using a r /2 '3C pulse for
detection. These spectra provide a direct measure of electron-to- 3C polarization transfer.
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Figure 2.5: 13C MAS spectrum of 2% BDPA/PS at 5 T and room temperature. The
magnetic field was adjusted so that the frequency of the 139.60 GHz microwave irradiation
(20 s) corresponded to ve - vn (top), ve (middle), and ve + vn (bottom).
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Figure 2.6: 'H DNP enhancement as a function of the offset of external magnetic field
from the center of the EPR line (Be). The line serves as a guide to the eye.
The detailed dependence of the signal enhancement on the magnetic field strength
can lend important insight into the polarization transfer mechanism. The field dependence
of the proton enhancement in BDPA/PS (Figure 2.6) is characterized by antisymmetric
peaks which mirror the EPR profile and are offset from the EPR line by ±VH. This
enhancement profile clearly suggests that the polarization transfer is governed by the well-
resolved solid effect, so named because the inner DNP transition (which results in positive
signal enhancement) and the outer DNP transition (negative enhancement) are completely
resolved. When the EPR linewidth on the order of the nuclear Larmor frequency, the
unresolved solid effect is observed because because both transitions can be driven
simultaneously, lowering the overall transfer efficiency. 25 The field dependence of the '3C
enhancement (Figure 2.7) displays a more complicated behavior than the 'H data,
characteristic of polarization transfer via multiple mechanisms. The enhancement profile
50
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Figure 2.7: '3C DNP enhancement as a function of the offset of external magnetic field
from the center of the EPR line (Be). The line serves as a guide to the eye.
displays antisymmetric peaks at 53 MHz, suggesting that the solid effect dominates at these
larger mangetic field offsets. However, substantial enhancements are also observed at
small magnetic field offsets, where the microwave field is resonant with the EPR transition
rather than the forbidden transitions. This is indicative of DNP via thermal mixing. This
mechanism, which will be extensively discussed in Chapter 6, requires the EPR linewidth
to be at least on the order of the nuclear Zeeman frequency. For 'H spins, this condition
clearly does not apply, and thus polarization transfer to protons is governed purely by the
solid effect.
Theory
While the 'H enhancement obtained in the BDPA/PS system is sizable, it falls well
short of the maximal possible DNP enhancement of re = 660, which corresponds to an
Yn
equalization of nuclear polarization to the electronic polarization at thermal equilibrium.
Using a quantitative model for the polarization dynamics of the solid effect, it can be
demonstrated that the primary factor driving the inefficiency of electron-nuclear transfer in
this experiment is incomplete saturation of the DNP transitions with the gyrotron source.
Several authors have presented such models for the solid effect17,27,36 ; we will follow the
general approach of Abragam and Goldman. 4
The electron-nuclear DNP transitions are very weakly allowed compared to pure
EPR transitions. For an isolated electron-nuclear spin pair,
, = 4q 2  (2.4)
2
where W is the DNP transition probability, W is the EPR transition probability, and q is
the mixing of the nuclear eigenstates from the SzI+ term of the dipolar coupling. q is
given by
q 3 Ye-Yn l sin8 cosO e- io  (2.5)
4 r 3 o n
where (r,0, ) are the spherical coordinates which define the vector between the electronic
and nuclear spins (with the external magnetic field along the z-axis).
In a non-crystalline sample, there is a range of electron-nuclear dipolar couplings.
If the nuclei in the sample are isolated from one another, then each experiences a different
DNP transfer rate determined by its dipolar coupling to the electron spin, and the total
polarization transfer is determined by summing the dynamics for each individual nuclear
spin. However, proton spins are generally strongly coupled to one another by spin
diffusion, which results in the maintainance of a uniform 'H polarization throughout the
sample.
In order to describe the dynamics of the proton spins, the model which is
commonly used assumes that for nuclei very close to the electrons, the spin-diffusion rate
is highly attenuated because the strong electron-nuclear dipolar couplings make the
chemical shift differences between nuclei too larger than the 'H-'H dipolar coupling. A
radius b around the electron, called the diffusion barrier, is defined, within which nuclear
spin diffusion is extremely slow, and outside of which, spin diffusion maintains a uniform
polarization. A commonly employed estimate for b is the distance at which the magnetic
field produced by the electron spin just balances the field from a nearest neighbor nuclear
spin. For abundant protons, the diffusion barrier is small, and it is reasonable to ignore
those nuclei within the barrier because they make up a small minority of the total proton
spins, and are shifted from the main signal.
The assumption of fast spin diffusion is supported by the lack of broadening
exhibited by the 'H-enhanced spectrum (Figure 2.4) compared with the unenhanced
spectrum. If the spin diffusion rate were slow, we would expect those nuclei which are
strongly coupled to electronic spins to achieve larger enhancements than those with weaker
couplings. 37,38 This inhomogeneity would manifest itself as an increased NMR linewidth,
as the hyperfine coupling broadens the spectra of those nuclei close to electronic spins.
The electron-to-' 3C DNP-enhanced spectra (Figure 2.5) do indeed exhibit this type of
broadening, as the '3C spin diffusion rate is several orders of magnitude lower than that of
protons because of 13C's low isotopic abundance and low gyromagnetic ratio. Therefore,
polarization transfer to abundant protons will generally be the preferable approach to DNP
enhancement in biological systems as the lineshape of the enhanced signal will not be
perturbed from the spectrum acquired without DNP.
Under the assumption of fast spin diffusion, the rate of the DNP transition
(assuming that the electron concentration is sufficiently small that each nucleus is
effectively coupled to only one electron) can be given by:4
7 2 Ye 2(on )2 (2.6)
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where Aw n is the nuclear linewidth, o is the microwave field strength and g(w) is the
EPR lineshape.
Assuming that direct-electron nuclear relaxation processes are slow and neglecting
the small nuclear polarization at thermal equilibrium, the dynamics of the electron-nuclear
system under irradiation of the inner DNP transition take on a simple form:
dP_ 1d = -1 (Pe - P e) - W+(P - P )
dt T e
dP_ 1 W (2.7)dPn - ( n ) + +( Pe - Pn)  (2.7)
dt T, n
where Pe and P, are the electronic and nuclear spin polarizations, Peo is the thermal
equilibrium electronic polarization and n is the ratio of the number of nuclear spins to
electronic spins. If instead the outer transition (ve + vn ) were driven, the dynamics would
be described by the same equations, with (Pe - Pn) replaced by (Pe + Pn) in both
equations.
Equation (2.7) can be solved by making the standard assumption that the electron
spin system reaches a quasi-equilibrium state on a time scale which is fast compared to the
dynamics of the nuclear system. If Pe is then replaced in the second equation by the steady-
state solution to the first equation, the polarization dynamics of the nuclei are then given by
a first-order rate equation:
d = 1n ) (2.8)
dt T
with:
_ W +/n 1 (2.9)
SI + W+Te Tn
SPeo 1+f 1 -1 (2.10)
wn 1 
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where f = n ie is called the leakage parameter and s - is the saturation
Tin n
parameter.
Substituting the values of the parameters listed in Table 2.2 into Equation (2.8), we
obtain a relatively good fit of the DNP results on 2% BDPA doped into polystyrene. A
proton enhancement of approximately 15 is predicted when the electron-nuclear transition is
driven at the maximum position of the EPR line; this compares well with the experimental
enhancement of 10. The time constant z is predicted to be equal to T,,, which matches the
experimental polarization transfer rate. While most of the parameters required to determine
z and Pn are easily measured, a good estimate of the microwave Rabi frequency is difficult
to achieve because the experimental setup is optimized for MAS/NMR rather than EPR,
precluding direct measurement. However, we have roughly estimated the average
microwave field strength across the sample to be approximately one-third (-.3 G) the field
strength in the waveguide.
Table 2.2: Parameters used to model 'H DNP dynamics in 2% BDPA/PS.
Parameter Value Determination Method
Tle .5 ms pulsed EPR saturation recovery measurements
TIn 1.8 s NMR measurement
n 1700 doping level controlled in sample preparation
H, .3 G see text
g(0) 4.9x 10-9 s normalized Gaussian fit of integrated CW EPR spectrum
(Ig(w)do = 1)
A On  27cx70 kHz Estimated from proton NMR line broadening
W+ 20 s-' Equation (2.6)
Equations (2.9) and (2.10) hold a number of implications toward the prospect of
achieving large enhancements via the solid effect mechanism at high magnetic fields. Even
under strong saturation of the forbidden transition, the maximal nuclear polarization is
reduced from Peo by at least (1 + f)- . This effect can be qualitatively explained using the
model of the solid effect discussed in Figure 2.2. Each electron spin serves approximately
n nuclear spins, and in each period Tie an electron-nuclear transition can be driven.
However, the electron can only service - in nuclei before spin-lattice relaxation leads to
Tie
polarization leakage. Thus, even under conditions of strong microwave irradiation, if
f = n-le is on the order of unity or larger, the full electronic polarization will not be
TIn
delivered to the nuclei. The leakage parameter in BDPA/PS is approximately 0.5,
suggesting that polarization leakage will not substantially limit the maximal nuclear
polarizations which can be achieved in this system at room temperature.
On the other hand, the saturation parameter s in Equation (2.9) is estimated to be
approximately 1/50, indicating that the electron-nuclear transition is only weakly driven by
the microwave field. Two main factors make saturation of the solid effect transition
difficult at high magnetic field strengths. First, as shown in Equation (2.6), the DNP
transition probability decreases quadratically with increasing magnetic field because the
mixing of the pure Zeeman eigenstates decreases at high magnetic fields. In addition, as
has been mentioned earlier, the available microwave driving field falls off at high magnetic
fields due to the lack of high-frequency, high-power microwave sources and the difficulty
of constructing efficient coupling structures compatible with high-resolution solid-state
NMR. Even as higher power microwave devices become available, the possibility of
sample damage will preclude increasing the irradiation power by a sizable amount.
The temperature dependence of the solid effect enhancement also suggests that the
BDPA enhancement is in the weak saturation limit. At -12 K, T1n and Tle of 2%
BDPA/PS both increase by approximately an order of magnitude over their room
temperature values, and a 'H enhancement of about 80 is observed in a static DNP
experiment. The decreased rate of nuclear spin-lattice relaxation dramatically increases the
saturation parameter, while the leakage term will remain approximately constant compared
with the room temperature value. The fact that the enhancement increases approximately
proportionally to the increase in nuclear spin-lattice relaxation suggests that, for high field
DNP work, the electron-nuclear transitions are generally very weakly driven, and
polarization transfer is limited by nuclear spin-lattice relaxation. Therefore, experimental
efforts to increase to increase T1n, such as lowering the temperature and deoxygenation of
the sample, generally yield a proportional increase in the saturation parameter and
consequently, the signal enhancement.
The long-range goal of this work is to apply DNP to achieve large signal
enhancement of the NMR spectra of biological solids in a framework consistent with the
state-of-the-art measurements of structural parameters. While the application of DNP to the
BDPA/PS system at 5 Tesla yielded reasonable results, there clearly are fundamental
limitations which prevent the extension of the solid effect as a general polarization
enhancement tool to a wider range of samples and to the higher magnetic field strengths.
First, the polarization transfer efficiency at 10-15 T, the magnetic field strength of a modern
solid-state NMR spectrometer, would be highly attenuated from that at 5 T, due to a sharp
decrease of the mixing coefficient q and a likely decrease in available microwave field
strengths. In addition, the solid effect experiment relies on the unusually narrow EPR
lineshape of the BDPA radical. BDPA is chemically compatible with a limited range of
systems; stable paramagnetic agents which are compatible with biological systems generally
exhibit much broader EPR spectra. This would render saturation of the solid effect
transition extremely difficult due to the low spectral density at the irradiation position.
It is clear that it will be necessary to exploit alternative DNP methods at high
magnetic field strengths. Polarization methods which do not primarily rely on saturation of
a forbidden electron-nuclear transition may provide comparable enhancements to the solid
effect and display a greater robustness to variations in experimental parameters such as the
microwave power.
In Chapters 4-6, a scheme for the enhancement of the solid-state NMR spectra of
biological solutes in frozen solution is presented using a nitroxide free radical as the
polarization source. The polarization transfer relies primarily on a high-field analog of the
thermal mixing mechanism.
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Chapter 3
A Spectrometer for Dynamic Nuclear Polarization
and Electron Paramagnetic Resonance at High
Frequencies
Introduction
As discussed in the previous chapter, the extension of DNP to high magnetic fields
has been limited by the lack of high frequency, high power microwave sources. To that
end, we have redesigned a 140 Ghz gyrotron for operation in a CW mode at 102 W power
levels to perform DNP and EPR at 5 Tesla. This chapter describes the designs of the 140
GHz gyrotron and the high field DNP and EPR spectrometers.
DNP Spectrometer
Figure 3.1 illustrates three basic solid state DNP/NMR experiments. A saturating
microwave pulse (with a duration on the order of the nuclear spin relaxation time T,,)
produced by the gyrotron is guided into the NMR probe where it irradiates the electron
spins at or near their Larmor frequency. Via mechanisms such as the Overhauser Effect,
the Solid Effect, or Thermal Mixing 2, the electron polarization is transferred to protons and
subsequently to a rare spin nucleus using a standard cross polarization sequence3 (Figure
3.1 a) or transferred directly to a rare spin nucleus with detection under proton decoupling
(Figure 3.1c). Dynamically polarized 1H signals can also be directly detected via a spin
,wave (a)
e pulse
1H
13C
lwave (b)
pulse
1H
pwave (C)
pulse
1H
13C
Figure 3.1: Pulse sequences utilized for DNP experiments (time axis not to scale). In all
cases, the microwave pulse duration is on the order of seconds. (a) DNPCP: Following
DNP from electrons to 'H, a standard cross-polarization sequence (duration of
milliseconds) transfers 'H polarization to '3C, (b) DNPECHO: 'H DNP is detected
directly via a two-pulse echo, (c) DNPFID: A 900 pulse (4 microseconds) is applied to 13C
with 'H decoupling to directly detect the DNP of 13C nuclei.
echo (Figure 3.1b).
The DNP spectrometer, a general layout of which is displayed in Figure 3.2,
consists of three main units: the magnet and field sweep system, the NMR console and
probes, and the gyrotron with its associated waveguide components. These units are
Gyrotron
(139.60 GHz)
probe
Main superconducting
coil
Superconducting
sweep coil
Figure 3.2: Schematic representation of the DNP/EPR system. Microwaves (140 GHz,
100 W) produced by a gyrotron are transferred via waveguide to the sample in a magic-
angle spinning rotor/stator system which is incorporated into a standard solid state NMR
probe. A microwave directional coupler provides a means to continuously monitor the
power and frequency of the microwaves at the EPR bridge.
discussed below.
Magnet and Field Sweep System
The 5.0 T magnet (Cryomagnet Systems Inc.) has a 100 mm bore, a full set of
room temperature shim coils, a set of superconducting shim coils, and a Z o
superconducting sweep coil capable of varying the field ± 75 mT. The use of a separate
superconducting sweep coil drawing < 15 A results in a reduced helium consumption rate
(approximately 0.4 L/hour during use) compared to sweeping the main coil. The field
sweep is controlled by a computer-interfaced 2H lock channel4 in which the dispersive
component of a 2H NMR signal is used as the error signal in a feedback loop. To change
the magnetic field strength, the frequency of the lock channel synthesizer is stepped a given
amount which results in an off-resonance NMR dispersion signal. Depending on the sign
of this signal, current is supplied or withdrawn from the sweep coil which induces a shift
in the field until the dispersion (error) signal is zeroed. To span the 0.15 T field range
(about 2 MHz deuterium frequency) while retaining a reasonably high Q (60) circuit, the
resonance frequency of the NMR probe is continuously varied under computer control to
track the 2H frequency as the field is swept.4
NMR Console and DNP Probes
The NMR RF section, designed and built in this laboratory, utilizes a heterodyne
mixing scheme with an intermediate frequency of 120 Mhz. It provides variable phase
capability for phase cycling and the option of up to 4 variable amplitude channels for cross
polarization/decoupling experiments. The NMR signals are digitized with a 125 MHz
LeCroy 9400 digital oscilloscope which also is utilized by the EPR spectrometer. The data
is transferred to a DEC Alpha work station (Digital Equipment Corporation) for storage and
processing.
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Figure 3.3: The MAS-DNP assembly. The sample is contained in a Zirconia rotor which is
spun in a MACOR stator using pressurized nitrogen gas. The NMR coil is wrapped
around the stator. Microwaves are introduced into the rotor via WR-8 waveguide and are
reflected by a copper mirror at the rear of the stator. This arrangement retains optimal
NMR coil Q and filling factor and does not perturb the sample spinning capabilities.
The DNP/MAS probe (Figure 3.3) utilizes 7 mm rotors (Doty Scientific) with
spinning speeds up to 6 kHz. The microwave radiation is introduced into the sample
parallel to the rotor axis using an open piece of WR-8 waveguide bent to the magic angle.
'H and '3C pulse lengths are typically 2.5 and 4 its, respectively. The probe is capable of
functioning at temperatures as low as approximately 150 K. This lower bound on the
operating temperature is determined by the efficiency of the heat exchange system used to
cool the drive and bearing gases. The DNP/Static probe has a 4 mm ID 5-turn coil made
with Teflon insulated copper wire. A semirigid coaxial cable is attached to the coil and to
the top of the probe. Its length is approximately 3X/2 for 'H resonance. Tuning and
matching for both 'H and "3C are achieved by variable capacitors which are external to the
low temperature cryostat which houses the probe. 'H and 13C 90 pulse lengths are
typically 2 and 3.5 gs, respectively. This probe functions in the 5-300 K regime.
In both the static and MAS probes, the microwaves are transmitted to within 10 cm
of the sample using K-band waveguide (WR-42, 0.23 dB/foot attenuation @ 140 GHz)
rather than the fundamental D-band (WR-8, 3 dB/foot) to minimize losses. Near the coil,
the WR-42 waveguide is tapered to WR-8. In the MAS probe, a piece of open WR-8
waveguide in the form of a 54.70 (the magic angle) E-plane bend is connected to the taper
and extends inside the stator to within 1 mm of the rotor's endcap. This arrangement is
similar to that developed by McKay and Schaefer5 (operating at 1.4 T) while Wind 6 and
Yannoni 7 (also at 1.4 T) independently developed probes in which the microwaves are
delivered normal to the spinning axis. A flat disc of copper has been mounted at the rear of
the stator. By properly adjusting the position of the copper disc, enhancements can be
increased by up to a factor of two from to those obtained without the mirror. For the
DNP/Static probe, a piece of WR-8 waveguide is positioned vertically above the coil such
that microwaves are launched between the turns of wire. A concave mirror is placed below
the coil and positioned for maximum enhancement (Figure 3.4). The microwave Q's of the
MAS and static systems are low, ~- 1-5, which limits the microwave B, field and hence the
DNP enhancement. However, the advantage of these designs is that they retain the optimal
filling factor and Q of the NMR systems since the microwave components used to
introduce the microwaves do not perturb the RF circuitry.
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Figure 3.4: The Static-DNP assembly. The Teflon insulated NMR coil is housed in a
Kel-F block to provide mechanical stability. The sample is contained in a 4 mm OD quartz
EPR tube. The bottom concave mirror is translated via an external micrometer to optimize
DNP enhancements.
Low-Temperature DNP-MAS Probe
The MAS probe just described can function at temperatures as low as 150 K, a
typical lower bound of operation for standard MAS systems.8 However, in most DNP
experiments, the polarization transfer efficiency increases greatly at lower temperatures,
mainly due to the increase in the rates of electronic and nuclear spin-lattice relaxation. The
primary system we are concerned with, the nitroxide TEMPO in a frozen water/glycerol
matrix, exhibits maximal proton signal enhancements of -1 at 150 K and -200 at 15 K.
Therefore, in order to exploit the benefits of these large enhancements in high-resolution
solid-state NMR, we have constructed a DNP/MAS probe which is capable of operation at
temperatures as low as 25 K. There are only a small number of examples in the literature
of experimental implementations of MAS at temperatures below 100 K.9,10
In order to achieve very low temperature (below 77 K, the boiling point of
nitrogen) , cooled helium, rather than nitrogen, gas is used as to drive the rotation of the
rotor. A liquid helium tank is pressurized to approximately 40 psi via a room temperature
cylinder of helium gas and via gas boiloff driven by a resistor in the liquid and a heat
exhanger in the liquid. The room temperature gas can be used to coarsely regulate the rotor
frequency. The helium gas is cooled as it flows through a copper heat exchanger passing
through the liquid and exits the tank through a vacuum-jacketed transfer line. The transfer
line extends approximately two feet into the probe, which sits within an insulated dewar.
Within the probe, the gas supply splits into two channels, one for the bearing gas and the
other for the drving gas, each of which can be externally controlled by a valve extending
outside the probe.
The probe utilizes a 5 mm Chemagnetics pencil rotor system with a freestanding RF
coil (Figure 3.5). Similar to the static DNP probe, the microwaves are launched from WR-
8 waveguide terminating just ouside the RF coil. Both zirconia and quartz rotors were
utilized. Although the zirconia rotors exhibited higher dielectric losses at 140 GHz (as
evidenced by lower proton static DNP enhancements in TEMPO/water glycerol solutions at
12 K), they are exteremly durable compared with quartz rotors, which are extremely fragile
in variable-temperature experiment. Endcaps and drive tips (Chemagnetics) were made
from Vespel, which has a coefficient of thermal expansion closer to that of zirconia than
other commonly used endcap materials such as KEL-F. The endcaps and drive tips were
wrapped with Teflon tape and were cooled in liquid nitrogen, along with the rotor, during
insertion into the rotor in order to ensure a tight fit at low temperatures.
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Figure 3.5: Close-up of the spinning apparatus in the low-temperature DNP/MAS probe.
The vertical position of the waveguide can be controlled manually from the outside of the
probe. The waveguide is positioned sufficiently far from the coil so as not to affect the
homogeneity of the external magnetic field at the sample
The RF component of the low-temperature probe is very similar to that of the static
probe described earlier. The advantage of this design is that the capacitors are external to
the probe, so they are not exposed to helium gas, which has an extremely low discharge
voltage. In addition, the RF coil is Teflon-coated and all solder joints are insulated with
silicone sealant to prevent arcing. The probe can achieve a maximal 'H decoupling field
approximately 80 kHz for 40 ms in a helium environment.
Temperatures as low as 25 K, with stable spinning speeds as high as 5 kHz were
achieved using helium as the spinning gas and temperatures as low as 100 K were reached
using nitrogen. The main drawback to the system, however, is the large quantity of liquid
helium required for a typical experiment; in the best case, the helium usage was
approximately 15-20 L/hour for operation at 30 K. A potential solution to this problem is
the construction of a recirculating system which reuses the cold helium gas. The output
temperature of the helium gas in the current system is only several degees above the
temperature at the sample, so this gas could also be utilized, with a heat exchanger, to
partially cool the incoming gas. Such a system is currently in the initial stages of
construction.
The Gyrotron
The basic components of the gyrotron (Figure 3.6) include a 5.4 T magnet with
split coils (Cryomagnetics, Inc.), an electron gun (Varian Associates), and a vacuum tube
which consists of a beam tunnel, a resonator, mode converters and a miter elbow. The
principles of operation of the gyrotron will be summarized, followed by a more detailed
description of its components. 11-14
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Figure 3.6: Schematic of the 140 Ghz gyrotron. Electrons emitted by the cathode (-42 kV)
are injected into the field (5.4 T) of a split coil superconducting magnet. Microwave
radiation (139.60 GHz) generated by the gyrating electrons in the water-cooled resonator is
transmitted and mode converted before exiting the high-vacuum (108 Torr) gyrotron tube
through a fused silica window. The power capabilities are as follows: 4 kW with a duty
cycle of 0.02% (microsecond pulses); 200 W with a 60% duty cycle (1 to 10 second
pulses); 10 W for CW operation. Further details concerning the construction and operation
of the gyrotron are given in the text.C CO4'0-0
of the gyrotron are given in the text.
The microwave generation in a gyrotron is based on the cyclotron resonance maser
instability of electrons "gyrating" in a static magnetic field. This instability arises from the
relativistic changes experienced by the electron's mass. Explicitly, the cyclotron frequency
of an orbiting particle in a static magnetic field is given by:
S=eB (3.1)
ymc
in which e, m are the charge and rest mass of the electron, and Bo is the applied field. y is
the relativistic factor
Y V2  (3.2)
where v is the velocity of the electron and c is speed of light. The energy of a particle in a
given reference frame is
= ymc2 . (3.3)
When the electrons enter a region where an oscillating electromagnetic field is
present, the change in energy caused by an electric field can be equated to the change in
total energy that the particle experiences in a time At:
eE vt (3.4)
Ay = 2 (3.4)
mc
Using (3.1), a change in the electron's total energy produces a change in its cyclotron
frequency given by :
A eB Ay (3.5)
Thus, electrons moving in a direction opposite to the field will accelerate (Ay > 0) and
their gyrofrequency will decrease, whereas those moving with the field will decelerate (Ay
< 0) and their gyrofrequency will increase. The net effect of this over a number of cycles is
to cause the orbital phases of the electrons (initially exhibiting a random distribution) to
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bunch together. This is known as azimuthal or transverse phase bunching and causes
electrons to radiate coherently. Notice that for non-relativistic electrons the gyrofrequency
does not change and the phases remain randomly distributed. With the wave frequency
slightly greater than the electron gyrofrequency, optimum energy transfer from the
electrons to the microwaves takes place (cyclotron radiation), and with optimal bunching,
as much as 70% of the transverse energy of the beam can be converted to microwave
energy. The conversion is achieved in a resonator or waveguide which supports the
microwave field. The interaction of the beam with the microwave electric field can lead to
self oscillation or, if the field is provided by an external source, amplification is possible.
The gun anode electric potential is varied to focus the electron beam along the beam
tunnel axis. For our system, the emitted current varies from 10-100 mA with an applied
voltage of -42 kV to the cathode and -28 kV to the focusing anode. The electron gun and
vacuum tube are maintained in the 10.8 to 10-7 Torr pressure regime by vacion pumps
(Varian).
A beam tunnel, consisting of intercalated copper and beryllia annuli, is positioned at
the front end of the gun and before the resonator to collimate the electron beam as well as to
absorb any microwave radiation reflected back toward the gun. The inner diameter profile
of the beam tunnel resembles the compression path that the electron beam experiences.
The resonator operates at 139.60 GHz in the TE031 mode. The geometry is such
that the electron beam, whose radius at the center of the resonator is 1.82 mm, interacts
with the second radial maximum of that resonant mode and therefore facilitates the
conversion of beam energy to microwave radiation. This design avoids operating at the
higher current densities and space charges required to interact with the first (innermost)
radial maximum. In order to compress the beam to 1.82 mm, it is critical to attain a specific
ratio of the magnetic field strengths at the resonator and at the gun, which in our gyrotron is
25. Minor adjustments to this ratio are made by applying current to a 6-turn water-cooled
coil placed around the gun to produce an additional field of up to ± 0.2 T. The resonator is
designed such that backwards emission of microwaves into the gun region is cutoff. The
resonator consists of circular waveguide with a straight section of 15 wavelengths, a
downtaper (cutoff) angle of 20 and an uptaper (output) angle of 40. The theoretical
diffraction Q of the resonator is about 5000.
Conventional gyrotron operation (such as in plasma diagnosis) consists of low duty
cycles ( < 1 %) with short (milliseconds) pulses.15 DNP experiments, however, require
CW or quasi-CW operation since the polarization transfer effected by the microwaves takes
place on the order of the nuclear Tin (seconds). The high duty cycle deposits significant
amounts of power in the form of heat into the resonator. Resonator expansion then leads to
a frequency drift of -2.2 MHz/K. Since the resonator resides in ultra-high vacuum (108
Torr), the heat must be dissipated by circulating chilled water through a cooling jacket
braised to the resonator. Using this cooling scheme, the gyrotron frequency is stable to - 2
ppm shot-to-shot. There is a 5 ppm transient drift which occurs during the first 3 seconds
of operation but which stabilizes once the resonator reaches thermal equilibrium and is
therefore irrelevant under CW operation. The 2 ppm instability arises from fluctuations
(200 ppm) of the HV power supply. We have determined that the gyrotron's frequency
fluctuation equals 0.14 ppm/volt. Thus, operating the power supply at -45 kV produces a
voltage fluctuation of -9 volts which leads to a frequency fluctuation of about 1.4 ppm.
The electron beam decompresses upon exiting the magnet and is collected on a
section of 1.27 cm (0.5 in.) diameter waveguide. Remnant beam electrons are deflected
into the collector by a transverse magnetic field generated with permanent "kicker"
magnets. The large amount of power (0.1-4 kW) deposited on the collector is dissipated
by flowing water (-1 gal/min) through an external jacket.
The microwave output is transmitted down the collector in the (circular) TE03 mode.
Before exiting the tube through a quartz window (which separates the vacuum space from
atmospheric pressure), the microwaves experience two mode conversions. The first
axisymmetric mode converter takes the TE03 mode into TE02 and the second converts the
TE 02 into TEO,. The two-step mode conversion is necessary to avoid exciting other
spurious modes.
After the mode conversion, microwaves encounter a miter elbow which blocks
electrons which have not been deflected to the collector walls (and would otherwise strike
the quartz window). The elbow consists of two pieces of overmoded waveguide at a 90
angle joined by a copper mirror positioned 450 with respect to the axes of these pieces. The
quartz window, located at the output of the miter elbow, allows propagation of the
microwaves out of the vacuum space. Its thickness is equal to an integral number of half-
wavelengths (10 in this case) to avoid generating standing waves between the resonator and
the window. Once outside the gyrotron, the microwaves experience another mode
conversion by a wriggler converter which takes the circular TE01 into circular TE, . All of
the mode converters have been measured to have an efficiency of 299% .
The microwaves are transmitted in the circular TE, mode through oversized
waveguide (1.27 cm ID, 0.01 dB/ foot) to a taper and mode converter assembly which
outputs the radiation in the fundamental TEI0 rectangular mode. The taper and mode
converter have a combined insertion loss of about 7 dB; this section is currently being
redesigned to improve its performance. Prior to entering the DNP probe, a high power
bidirectional coupler (36 dB attenuation on both arms) provides ports to monitor incident
and reflected microwave power. Total losses in transmission from the gyrotron output to
the sample equal approximately 10 dB.
Utilizing the current design, our gyrotron outputs about 200 W of microwaves at
the quartz window under quasi-CW (60% duty cycle) and - 10 W under CW operation.
To our knowledge, this is the only gyrotron in existence which generates high frequency,
high power microwaves under high duty cycle and CW conditions with stability suitable
for phase coherent magnetic resonance spectroscopy.
EPR Spectrometer
The implementation and characterization of DNP experiments requires a knowledge
of the EPR spectrum and relaxation rates of the paramagnetic center used as the polarizing
agent. These requirements, together with the proven utility of high frequency EPR in
general, have prompted the design and construction of a high frequency pulsed/CW EPR
spectrometerl 6 which utilizes the same superconducting magnet as the DNP spectrometer.
The main features of the EPR spectrometer include a quadrature detection scheme in both
the pulsed and CW modes, a large bore magnet with a superconducting sweep coil which is
separate from the main superconducting coil, and a field sweep system based on a 2H lock
channel signal4 as described above. The main coil of the magnet is centered at a field value
of 4.974 T (g = 2.004 for 139.500 GHz). The total range of the sweep coil about this field
is ±75 mT.
Variable temperature operation (4 K - 300 K) is achieved by boiling liquid helium
or nitrogen and transferring the cold gas through a vacuum jacketed transfer line into a
dewar (Nalorac Cryogenics Corp.) and over the resonator and sample. Temperature
measurement/control is achieved using a silicon diode sensor and heater tape in conjunction
with a temperature control unit (LakeShore).
Microwave Bridge
A block diagram of the high frequency EPR spectrometer is given in Figure 3.7.
Microwaves generated by the Gunn diode source operating at 139.5 GHz irradiate the
sample in a reflection mode configuration. The 450 MHz reference channel is created by
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mixing 139.5 GHz with 139.95 GHz, amplifying and splitting through a quadrature
hybrid. The signal is also mixed with 139.95 GHz, amplified, split, and mixed with the
reference channel. The resulting quadrature channels are sent to matched lock-in detectors
(EG&G Princeton Applied Research) tuned to detect the first or second harmonic of the
field modulation frequency. The voltage at the lock-in detectors is sampled and transmitted
over a GPIB to a VAX 2000 work station (Digital Equipment Corp.), where the data is
stored and phased to obtain pure absorption and dispersion spectra.
139 6 GHz Microwave
Gyrotron swch
General Purpose Interface Bus
Figure 3.7: The EPR spectrometer. Two Gunn diode sources (139.50 and 139.95 GHz,
10 mW) provide heterodyne detection capabilities. Quadrature detection is used in both the
CW and the pulsed mode. The gyrotron can also be used as a high power source. The
magnetic field is varied using superconducting sweep coils which are separate from the
main superconducting coil
Each of the microwave sources (Millimeter-Wave Oscillator Co.), operating at
139.50 and 139.95 GHz, consists of a double stage injection-locked Gunn oscillator and a
passive varactor tripler with a final output power of 13 dBm. The input of both of these
assemblies is derived from the 50 MHz output of a single oscillator crystal from a PTS
synthesizer. The RF is used to phase lock two solid state oscillators (Gamma Microwave)
operating at 15.50 and 15.55 GHz respectively. Each frequency is tripled (Spacek Labs)
and input into the first Gunn diode stage of one injection locked assembly. The output of
the second Gunn diode stage, which is necessary to further amplify the microwaves, is
then tripled and fed into WR-8 waveguide.
The noise figure of the CW EPR spectrometer, approximately 42 dB, is largely
determined by the phase noise of the 50 Mhz source. Analysis of the frequency
multiplication used to generate the 140 GHz radiation predicts a noise figure of 88 dB at 1
kHz (the frequency of the field modulation) from carrier; however, as previously notedl6,
the phase locking and mixing scheme produces a phase correlation between the signal and
reference channels which reduces the resulting spectrometer noise figure. Sensitivity for
low loss samples has been measured to be 10'0 spins/mT.
Resonators
Both cylindrical and Fabry-Perot resonators have been utilized as high frequency
EPR microwave resonant structures. 17-2 1 The Fabry-Perot is used in the semi-confocal
arrangement and is typically tuned to resonate in the TEM 07 mode. The flat bottom mirror
is constructed from PC board which has been cut, polished and plated. The use of PC
board allows simple fabrication and plating while the thin layer of copper allows the
penetration of the RF field modulation. Samples to be studied are generally placed directly
on this flat bottom mirror. Droplets of liquid samples (approximately 2 microliters) to be
studied either as fluid or frozen solutions are pipetted onto the mirror and flattened by
covering with 1 mil thick Kapton disks. Loaded Q values of this system are estimated to
be about 1000, and the maximum B, field generated using the Gunn diode source is 5 gT.
Fabry-Perot resonators are used when for example sample access is important.
RF coil
Fixed plunger Adjustable plunger
Top view
Kel-F Iris
Side view Copper
Figure 3.8: The cylindrical resonator and its components. Slots allow the penetration of
RF to perform ENDOR and static DNP experiments. The adjustable plunger provides
remote tuning of the resonance frequency. The position of the fixed plunger can be set to
optimize the loaded Q (- 1000) for different sample classes such as powders, liquids and
frozen solutions. Quartz capillary sample tubes (0.3 to 0.55 mm OD) are loaded through
holes in the center of the plungers and are held along the axis of the resonator.
Cylindrical resonators are generally preferred over the Fabry-Perot because of their
greater filling factor, decreased sample size requirement, better stability, and easier
coupling adjustability. Frequency tuning is achieved by the motion of one micrometer-
driven spring-loaded plunger. The effective length (extension inside the resonator) of the
opposite, fixed plunger is adjusted using spacers such that the coupling iris is centered
when the resonator is tuned to the TEo0 1 mode. Spacer thickness and iris hole diameters are
optimized for different classes of samples (powders, frozen solutions, lossy and non-lossy
fluids). Variable coupling is achieved by rotating the waveguide with respect to the axis of
the resonator. Estimated loaded Q values are approximately 700-1000. The size of the
quartz sample tubes (Wilmad) range from 0.8 mm OD, 0.7 mm ID for use with frozen
solutions to 0.33 mm OD, 0.2 mm ID for use with aqueous fluid solution. Slots cut 0.25
mm wide and 0.25 mm apart do not significantly degrade the Q of the resonator but allow
RF penetration. This resonator is therefore suitable to perform ENDOR and DNP as well
as EPR experiments.
The conversion factor of microwave power into B, in the cylindrical resonator is
given by :
B1 = c-QP
where c is a constant including sample volume, filling factor and other constants, Q is the
resonator quality factor and P is the power incident at the resonator. With 250 mW
delivered to the EPR board from the gyrotron, we obtain about 23 mW at the cylindrical
resonator. The duration of a 900 pulse was measured to be 56 ns. Our conversion factor is
then - 36 gT/ W, which is similar to that found in other high frequency EPR
spectrometers employing cylindrical resonators.
Pulsed Operation
The microwave switches (Donetsk Physico-Technical Institute of the Ukraine
Academy of Science) employed in high frequency pulsed EPR operation have an insertion
loss of 4.5 dB and isolation of 57 dB at 140 GHz, have rise/fall times of 4 ns, and are
capable of handling powers up to 0.5 W. Since amplifiers at these frequencies are
currently unavailable, the power which is gated by the switch is not additionally amplified
and we are therefore limited in total power at the resonator to a maximum of 180 mW.
However, at an operating frequency of 140 GHz, the high efficiency of cylindrical
resonators together with the ability to maintain a high Q without sacrificing the required
bandwidth allows moderate Rabi frequencies to be achieved even with this power
limitation. Moreover, the use of low powers eliminates the need for additional high
frequency protection switches for the microwave mixer and greatly improves experimental
deadtime by reducing resonator ringdown times. The experimental deadtime on our
spectrometer is effectively 30 ns and is determined not by resonator ringdown, but by the
time of the free induction decay resulting from the relatively weak microwave pulses.
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Chapter 4
High Frequency (140 GHz) Dynamic Nuclear
Polarization: Polarization Transfer to a Solute in
Frozen Aqueous Solution
Nuclear magnetic resonance (NMR) is a ubiquitous structural tool in chemistry,
physics and biology. 2 However, the inherently low sensitivity of the NMR phenomenon
can impede the acquisition of high quality spectra, particularly in multidimensional
experiments and/or experiments employing small amounts of sample. Indeed, the
availability of large quantities of material often dictates the feasibility of an experiment. A
possible means to overcome this problem is the integration of Dynamic Nuclear
Polarization (DNP) techniques into NMR spectroscopy. DNP can significantly increase the
nuclear polarization in a coupled electron-nuclear spin system through irradiation at or near
the electron paramagnetic resonance (EPR) frequency. 3,4 The potential for large nuclear
signal enhancements (on the order of 102 for 'H) makes this technique particularly
attractive for use in solid state NMR. The incorporation of DNP into magic angle spinning
(MAS) experiments has been actively pursued, but at relatively low field strengths (1.4
Tesla, 40 GHz EPR frequency, 60 MHz 'H NMR frequency). 5-7 Utilizing a high power
gyrotron oscillator, we have recently implemented the technique at high field/frequency (5
Tesla, 140 GHz, 211 MHz) in order to take advantage of the potential for increased
sensitivity and spectral resolution.8
In addition to extending DNP into the regime of magnetic field strengths used in
modem NMR spectroscopy, it is desirable to develop efficient approaches to polarize a
wide range of samples at temperatures suitable for MAS.). 5-7,9,10 The majority of systems
employed previously involve either endogenous paramagnetic centers (coal, diamond) or
aromatic free radicals (such as BDPA) doped into polymers, 5-8 none of which can be used
in a general manner to polarize samples, particularly in aqueous media. Here we
demonstrate NMR signal enhancements of 185 in a water:glycerol solvent system which
contains glycine as the solute to be polarized and the nitroxide radical TEMPO (2,2,6,6-
tetramethyl-l-piperidinyloxy) as the paramagnetic species. The enhanced NMR signals
were detected either by direct observation of 'H or indirectly via cross polarization to C.
These large enhancements can lead to dramatic reductions in signal acquisition periods
(greater than 104 for the polarization enhancements reported here) and/or permit studies of
samples limited in quantity.
Two classes of mechanisms exist for the transfer of polarization within a coupled
electron-nuclear spin system in paramagnetic solid-state insulators: the solid effect (SE)
and the thermal mixing (TM) effect. 3 The solid effect is driven by irradiation of nominally
forbidden EPR transitions which involve the simultaneous flip of both a nuclear and an
electron spin. These transitions are made possible by non-secular terms in the electron-
nuclear dipolar coupling and have intensities which scale as 1/B, where B is the external
(We - We)
magnetic field strength. Setting Bo = e  , in which Ye is the gyromagnetic ratio of
the electronic spin and we and no are the electronic and nuclear Larmor frequencies
respectively, yields a maximum positive enhancement of the nuclear polarization.
Maximum negative enhancement is obtained when Bo - ( oe + We) When wn > 3, where
Ye
5 characterizes the EPR linewidth, these transitions do not overlap and therefore the
cancellation of positive and negative enhancements is avoided (i.e. the well-resolved solid
effect See Chapter 2.). The magnitude of the maximum enhancement obtained from the
solid effect under these conditions is given by:11
Ne B1)' (4.1)
ESE = C Tin
in which c contains physical constants, Ne is the number of unpaired electrons, TIn is the
nuclear spin lattice relaxation time, and B1 is the microwave magnetic field strength.
The condition wn < optimizes the mechanism of thermal mixing for the
enhancement of nuclear polarization. In thermal mixing, microwave irradiation connects
the electron and nuclear Zeeman reservoirs indirectly via the electron dipole bath, rather
than directly as in the solid effect. 3  The interaction which allows the transfer of
polarization in thermal mixing is again the non-secular electron-nuclear dipolar coupling,
but the mechanism is instead driven by irradiation of an allowed EPR transition. The
maximum positive or negative enhancement occurs at Bo = or B =
Ye Ye
respectively, for which the EPR spectrum is assumed to be completely homogeneous. This
"off-center" irradiation can be considered to add or remove energy from the electron dipolar
bath which in turn produces a negative or positive enhancement of the nuclear spin
polarization. Under these conditions, the equation describing the maximum enhancement
from the thermal mixing effect is given by: 11
N2 (4.2)ETM = e e T l
6C 2 ( BO) Tin le
in which c' contains physical constants and Tie is the electron spin lattice relaxation time.
The consequences of performing DNP at higher field strengths may be assessed by
using Equations (4.1) and (4.2) as guides. Both the solid and the thermal mixing effects
are attenuated as the external field ( Bo) is increased. We have compensated for this inverse
field dependence by increasing B1 through the development of a high power gyrotron as
the microwave source. 8 The specific B dependencies of Equations (4.1) and (4.2)
suggest that the mechanism of thermal mixing may be more effective than the solid effect at
high field strengths. However, for a homogeneous EPR linewidth which is field
independent, the condition on 5 8 may no longer hold and the enhancement produced by
thermal mixing may be limited.8 In order to reintroduce the potentially significant
contribution of the thermal mixing mechanism to DNP enhancements, we sought to employ
paramagnetic systems whose EPR linewidths satisfy the condition on, 6 for 'H nuclei at
5 Tesla.
Particularly good candidates for use as general paramagnetic polarizing agents in
DNP experiments are nitroxide-based free radicals. These radicals are unreactive, resist
oxidation by molecular oxygen, and are soluble in a wide variety of organic and aqueous
media. In addition, a large body of work exists for the chemical incorporation, or spin-
labeling, of nitroxides into systems such as polymers, membranes, peptides, and
proteins. 12 Moreover, at the fields strengths used in these studies, the EPR spectra of
nitroxides are broad enough to support the thermal mixing mechanism. Nitroxides have
been used previously for DNP studies in liquids 13-16 and at very low temperatures (< 2 K)
for nuclear scattering experiments. 17-20 However, to the best of our knowledge, this is the
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Figure 4.1: Static solid-state NMR spectra illustrating a 13C signal enhancement of 185
produced by dynamic nuclear polarization (DNP) at 5 T and 14 K. The sample consisted
of a 40:60 water:glycerol mixture into which was dissolved 50 mM of the nitroxide
TEMPO and 50 mg/ml of carboxyl-13C labeled glycine. Approximately 0.2 mL of this
solution was transferred to a 4 mm o.d. quartz sample tube, degassed using several
freeze/pump/thaw cycles, and sealed. The peaks are assigned to the carboxyl-13C label of
glycine (177 ppm) and to glycerol carbons (64 ppm). The quartz sample tube and
surrounding 4 turn NMR coil were positioned between a horn-reflector assembly
consisting of a piece of cut WR-8 waveguide and a Fabry-Perot mirror. The top spectrum
is the sum of four scans, with a repetition rate equal to 60 seconds ('H T, - 100 s),
obtained via a standard 'H-13C cross polarization sequence with -1 W of cw microwave
irradiation at 139.6 GHz and with the magnetic field set to maximize DNP to 'H. The
bottom spectrum was obtained under identical conditions but without microwave
irradiation.
first application of DNP-NMR employing nitroxides to transfer polarization to a solute
under experimental conditions suitable for magic angle spinning experiments.
Figure 4.1 illustrates the static '3C spectrum obtained by 'H DNP with cross
polarization to 13C. The sample consisted of carboxyl-' 3C labeled glycine co-dissolved
with TEMPO in 40:60 water:glycerol at 14 K.2 1 The signal intensity of the spectrum
following microwave irradiation of the EPR transition measures 185 over that taken in the
absence of microwaves. The downfield peak is assigned to the labeled glycine carboxyl
carbon while the upfield resonance corresponds to naturally abundant glycerol carbons.
The enhancement of both the glycine carboxyl-' 3C label as well as the glycerol carbons
indicates that polarization transfer has occurred to both the solute and the solvent in this
system. Peak integration confirms that both the solvent and solute carbons experience
equivalent polarization transfer. Moreover, no differences in the NMR peak widths are
observed when the DNP enhanced spectrum is compared to a signal-averaged unenhanced
spectrum (not shown). These observations suggest that, following DNP of IH, spin
diffusion distributes polarization to nuclei which do not sustain a significant hyperfine
coupling. 22 Solvent molecules, which are in close proximity to one another, are required
to propagate polarization via nuclear spin diffusion in this system. We therefore believe that
the main pathway of polarization transfer responsible for the enhanced spectrum displayed
in Figure 4.1 is from the electron spins to proximate solvent protons via DNP and
subsequently to distant solvent and glycine protons via solvent-mediated spin diffusion.
The NMR cross polarization sequence then transfers the polarization from 'H to ' 3C.
Experiments involving DNP directly to '3C and to 'H in solvent- and solute-deuterated
systems will further elucidate the role of nuclear spin diffusion in the distribution of
polarization.
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Figure 4.2: Integrated, modulation-detected 139.5 GHz EPR absorption spectrum of a
degassed and sealed sample of 50 mM TEMPO in 40:60 water:glycerol. The spectrum was
obtained at 10 K with the horn-reflector assembly utilized for the DNP experiments. B0 is
the external magnetic field and Be is the magnetic field that corresponds to the first moment
of the EPR spectrum.
The high frequency EPR spectrum of the TEMPO water:glycerol system is shown
in Figure 4.2. This is an integration of a field modulation-detected spectrum which was
obtained with the horn-reflector arrangement utilized in the actual DNP-NMR experiment.
The spectrum is clearly inhomogeneously broadened. The lineshape is determined
principally by the anisotropic electron Zeeman and nitroxide 14N hyperfine interactions,
with other sources of unresolved broadening (both homogeneous and inhomogeneous) also
contributing. 23 Previous DNP experiments employing lower field strengths and/or
paramagnetic species other than nitroxides have been analyzed under the assumption that
the EPR spectrum is homogeneously broadened, 5-8 or that cross relaxation is rapid relative
to the electron spin lattice relaxation rate (1/Tie) so that the EPR spectrum can be
considered as being effectively homogeneous. 24 These assumptions may no longer apply
to the case of a nitroxide radical at 140 GHz and 14 K as evidenced by the broad EPR
spectrum. It is therefore of interest to address the DNP mechanisms responsible for the
transfer of polarization from electrons to nuclei in this inhomogeneously broadened system.
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Figure 4.3: Magnetic field dependence of the high frequency 'H DNP enhancements
obtained from a degassed and sealed sample of 50 mM TEMPO in 40:60 water:glycerol at
14 K. The enhancement was determined by comparing 'H Hahn echoes (repetition rate
150 seconds) measured with and without microwave irradiation. Squares and left axis: 'H
DNP enhancement profile using a 139.6 GHz gyrotron in CW mode with 1 W power
output. Circles and right axis: H DNP enhancement profile using a 139.5 GHz Gunn
Diode source in CW mode with 10 mW output. Bo is the external magnetic field and B, is
the magnetic field that corresponds to the first moment of the EPR spectrum. The lines
drawn through the points are cubic spline fits to guide the eye.
Figure 4.3 displays the DNP field dependence for microwave power levels
generated by two sources: low power (10 mW) from a Gunn diode and high power (1 W)
I I - I
I I a
from a gyrotron. 8 These field-dependent enhancement profiles provide insight into the
nature of the DNP mechanism. High power irradiation produces significant enhancements
at field values within the EPR powder lineshape shown in Figure 4.2. However,
irradiation beyond the EPR spectrum, which drives the forbidden transitions associated
with the solid effect,25 produces only modest enhancements. In the low power profile, no
enhancement occurs at fields appreciably outside the EPR spectrum, indicating that the
mechanisms which function via forbidden transitions are suppressed. This leaves thermal
mixing via allowed EPR transitions as the only mechanism contributing to the low power
DNP. Furthermore, the observed maxima of both the high and low power enhancement
profiles occur at field offsets (±135 MHz and +125 MHz respectively) which are smaller
than those corresponding to the maxima which would be expected if the solid effect were
the major contributing mechanism (± 211 MHz). These observations give clear evidence of
the predominance of the thermal mixing mechanism in this inhomogeneously broadened
electron spin system.
Previous analyses of the thermal mixing mechanism generally assume that the EPR
spectrum is homogeneously broadened. However, the inhomogeneous nature of this
nitroxide electron spin system, evidenced by the EPR spectrum (Figure 4.2) and by the
presence of 14N hyperfine structure in the high field edges of the DNP enhancement
profiles (Figure 4.3), does not preclude DNP via the mechanism of thermal mixing. The
effectiveness of thermal mixing in this system may be explained by two processes. The
first involves cross relaxation among electron spin packets26 during DNP microwave
irradiation. The second process relies on the extension of the homogeneous electron spin
packet "wings" to provide spectral density at the nuclear Larmor frequency. 3 These
processes have both been shown to support the thermal mixing mechanism in previous
DNP experiments. 11,24 It is therefore likely that either or both are responsible for the
significant DNP enhancements which we have obtained in this study.
We have successfully performed DNP in a nitroxide based system and obtained 'H
NMR enhancements of 185. The polarization transfer has been achieved to both solvent
and to solute molecules in frozen aqueous solution at temperatures suitable for magic angle
spinning experiments. High frequency DNP experiments using a water:glycerol:nitroxide
system may constitute a general approach for the enhancement of NMR signals from
solutes such as large proteins, membranes and other macromolecular biological structures.
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Chapter 5
Polarization-Enhanced NMR Spectroscopy of
Biomolecules in Frozen Solution
Sensitivity often dictates the feasibility of solid-state nuclear magnetic resonance
(NMR) 2,3 studies on chemical and biological systems. The small nuclear Zeeman energy
splittings result in correspondingly small nuclear spin polarizations at thermal equilibrium.
For example, protons exhibit a thermal equilibrium spin polarization of less than .01% at 5
Tesla and 300 K.
We describe here a method that can significantly improve the sensitivity of the high-
resolution solid-state NMR spectra of biomolecular systems in frozen glycerol-water
solutions. We have obtained signal enhancements of up to -100 in the "3C spectra of the
amino acid arginine and -50 in the "'N spectra of the 18.7 kD protein T4-lysozyme, which
corresponds to a large decrease in signal averaging time and/or sample size requirements.
Alternatively, this approach may permit the routine application of the expanding repertoire
of multidimensional homo- and heteronuclear recoupling techniques 4,5 for performing
spectral assignments and determining structural constraints in biomolecular systems such as
large soluble proteins, nucleic acids and membrane proteins.
Dynamic nuclear polarization (DNP)6,7 is used to transfer the high spin polarization
of unpaired electrons to coupled nuclear spins through microwave irradiation at or near the
electron paramagnetic resonance (EPR) frequency. Under optimal conditions, NMR signal
intensities can be increased by the ratio of the electronic and nuclear Larmor frequencies,
corresponding to a factor of -660 and of -2600 for 'H and 13C spins, respectively.
A number of signal enhancement schemes have recently been utilized in NMR
spectroscopy, including optical pumping of quantum wells,8 photochemically induced
DNP of photosynthetic reaction centers, 9 polarization transfer from optically-polarized
xenon 8,10 to surface and solution spins, and DNP of diamond, coal, and polymer systems
doped with aromatic free radicals. 11-16 These approaches have all proven successful for
polarizing specific systems, but no method has yet been demonstrated to be generally
applicable to macromolecular biological systems. Our DNP enhancement scheme utilizes a
frozen aqueous (60:40 glycerol-water) solution doped with the nitroxide free radical 4-
amino-TEMPO (2,2,6,6-tetramethyl- 1-piperidinyloxy). Glycerol:water is frequently used
as a cryoprotectant for protein samples in x-ray crystallography 17 and TEMPO and its
analogs are commonly exploited for EPR spin labeling studies on biological samples. 18
Optimum DNP enhancement with high microwave power is achieved at -40 mM TEMPO
concentration. 19
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Figure 5.1: Diagram of the DNP-CP pulse sequence. Initially, electronic polarization is
transferred to proton spins by microwave irradiation for a period on the order of the 'H T,.
the magnetic field is set to maximize the efficiency of polarization transfer. The proton
polarization is then transferred to the rare nuclear spins (1 3C or 15N) by a standard cross-
polarization sequence. Finally the '3C or 15N spectrum is acquired while continuous-waveH decoupling is performed.
In the DNP-CP pulse sequence (Figure 5.1), polarization is first transferred from
the TEMPO free radical to 'H spins under microwave irradiation. Irradiation on the order
of the nuclear spin-lattice relaxation time (T,) is required for maximal polarization buildup.
Proton spin diffusion distributes the enhanced magnetization throughout the solvent and
solute during the irradiation period. Finally, a standard cross-polarization (CP) pulse
sequence 20 transfers the high 'H polarization to rare spins (typically 13C or 15N) for
observation. The magnetic field is chosen to maximize the experimentally determined
electron-to-proton polarization transfer efficiency. 21
There exist several mechanisms of electron-proton polarization transfer. In these
experiments employing 40 mM TEMPO in water-glycerol, DNP primarily proceeds
through a thermal mixing1 5,22 mechanism, in which irradiation off the center of the
TEMPO EPR line coupled with electron-electron cross-relaxation perturbs the electronic
dipolar reservoir from thermal equilibrium. The nuclear spins become polarized through
their coupling to the electronic dipolar reservoir. This coupling is induced by simultaneous
spin flips of two electron spins differing in resonance frequency by the nuclear Zeeman
splitting driving a nuclear spin. 23 Thermal mixing involves irradiation of an allowed EPR
transition, in contrast to another DNP mechanism, the solid effect, in which weak, second-
order electron-nuclear spin flips are driven. 15 Thermal mixing therefore requires less
microwave power to achieve maximal enhancement, particularly in high magnetic fields
where the probability of the solid effect transition is severely attenuated.
Magic-angle spinning (MAS)24 is required to obtain high-resolution solid-state
NMR spectra. Although MAS techniques are conventionally performed at temperatures
above 100 K, the efficiency of the DNP effect increases significantly at low temperature for
two major reasons: the leakage of enhanced proton polarization to the lattice is attenuated
as T, increases and electron-electron cross relaxation is more efficient as Te increases. Our
experiments utilize a DNP/MAS probe that employs helium as the spinning and cooling
gas, and can achieve spinning speeds up to 5 kHz and temperatures as low as 25 K, 25
where the proton T, of the TEMPO/water/glycerol system is greater than 30 seconds,
compared to 10 seconds or less at temperatures above 100 K.
DNP experiments have typically been limited to low magnetic fields (<1.4 T,
corresponding to < 40 GHz EPR, < 60 MHz 'H NMR), primarily because of the lack of
high frequency microwave sources which possess sufficient output power and exhibit
extended operating lifetimes. 26 We have therefore constructed a custom-designed gyrotron
(or cyclotron resonance maser) oscillator 27 capable of producing up to 100 W of 140 GHz
irradiation under conditions suitable for DNP experiments at 5 T (140 GHz EPR, 211 MHz
'H NMR),28 which affords improved NMR resolution and sensitivity over lower magnetic
fields.
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Figure 5.2: DNP-CP 13C solid-state MAS (3.0 kHz spin rate) spectra of fully '3C-"N-
labeled L-Arg (30 mg/ml Arg and 40 mM 4-amino-TEMPO in 60:40 glycerol-water) at 55
K. The peaks labeled with an asterisk correspond to rotational sidebands and those labeled
G correspond to the natural abundance 13C glycerol peaks. Microwave irradiation (139.60
GHz) was performed for 15 s with -1 W at the sample. Sixteen acquisitions were
averaged with a 1 s recycle delay. The bottom spectrum was recorded under identical
conditions with no microwave power. The magnetic field was set to maximize the positive
enhancement, which is approximately 20.
Using DNP-CP, we have achieved signal enhancements of up to -100 in the MAS
spectra of several solutes in the TEMPO-water-glycerol system. As one example, the top
spectrum of Figure 5.2 shows an enhancement of -20 of the '3C DNP-CP MAS spectrum
of 30 mg/ml uniformly '3C,'5N-labeled arginine in frozen solution at 55 K. 29 The bottom
spectrum was taken under identical conditions with no microwave irradiation.
T4 lysozyme is 18.7 kD, 164 residue monomeric protein necessary for the lytic
growth of bacteriophage T4. Its structure has been characterized by X-ray diffraction 30
and solution NMR 31 and expression schemes have been developed for the production of
isotopically labeled samples. 3 1 Enhancements of approximately 50 were observed in the
CP-MAS spectrum of a 1 mM buffered solution of "5N-Ala-labeled T4-lysozyme in
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Figure 5.3: DNP-CP '5N solid-state MAS (3.2 kHz spin rate) spectra of '5N-Ala-labeled
T4 lysozyme [25 mg/ml T4-lysozyme and 40 mM 4-amino-TEMPO in 60% glycerol and
40% buffer (100 mM KCl and 30 mM potassium phosphate)] at 40 K. Microwave
irradiation (139.60) GHz was performed for 20 s with - 1 W at the sample. Sixty-four
acquisitions were averaged with a 15 s recycle delay. the bottom spectrum was recorded
under identical conditions with no microwave power. The magnetic field was set to
maximize the positive enhancement, which is approximately 50.
TEMPO/water/glycerol at 40 K (Figure 5.3). Enhancements of this magnitude may enable
the utilization of newly developed solid-state NMR techniques designed for structural
studies4,5 but which currently are difficult to apply to large biological systems.
The application of this technique to large solutes requires polarization to be
delivered from radicals in solution to protons in the solute interior. The most plausible
mechanism for this is proton spin diffusion. 16 Electronic polarization from the TEMPO
free radical is transferred most efficiently to nearby (primarily solvent) protons, while direct
transfer to protons within the solute should be extremely slow because of the weak dipolar
interaction to the free radical. However, proton spin diffusion is fast compared to T,, and
therefore can potentially deliver enhanced polarization localized around the radical to
protons throughout the solvent and solute. Typical spin diffusion constants in protonated
80
solids range from 2x10 -12 to 6x10 -12 cm 2/s, 32,33 implying that proton polarization can
propagate several hundred angstroms before spin-lattice relaxation causes significant
polarization loss. 34 This should be sufficiently fast to allow the application of this
enhancement technique to biomolecules substantially larger than T4-lysozyme.
There are potential improvements to this enhancement technique. It is possible to
implement gyrotron technology to generate microwave radiation in the 200-600 GHz
range 6" to take advantage of the improved NMR resolution and sensitivity at higher
magnetic fields. Also, the overall utility of the DNP technique depends critically on the rate
of transfer of polarization from electrons to protons. This transfer scheme requires a time
on the order of the nuclear T1 for maximal polarization transfer. Other transfer schemes
such as electron-nuclear cross polarization '" may considerably decrease this requirement.
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Chapter 6
Dynamic Nuclear Polarization and Cross-Relaxation
in an Inhomogeneously Broadened EPR Line at
High Magnetic Fields
Introduction
Solid-state nuclear magnetic resonance (NMR) spectroscopy 1,2 has the potential to
become a powerful tool for structure determination in biomolecular systems. Recently
developed techniques 3 for the assignment of spectral lines and the accurate measurement of
structural parameters such as internuclear distances 4 and torsion angles 5 form the basic
toolbox necessary for structure determination. However, a daunting barrier to the
implementation of the more sophisticated pulse sequences on macromolecular systems is
the inherently low sensitivity of the technique, due primarily to the small energy gaps
which characterize the NMR transition. The routine application of complicated multi-
dimensional experiments on macromolecular systems in the solid state will clearly be
challenging without marked improvements in sensitivity.
Dynamic nuclear polarization6, 7 (DNP) is a method which could provide such
sensitivty improvements, along with a concomitant decrease in sample size and/or signal
acquisition time requirements. DNP transfers the high spin polarization of unpaired
electron spins to nuclear spins in a process driven by irradiation at or near the electron
paramagnetic resonance (EPR) frequency. Signal enhancements on the order of Ye/ n,
which corresponds to a factor of -660 for 'H nuclei and -2600 for '3C nuclei, have been
achieved. DNP has proven useful for a variety of applications, including the production of
highly polarized targets in nuclear scattering experiments 6,8 and the study of magnetic
ordering at very low temperature.9, 10 More recently, DNP has been utilized as a sensitivity
enhancement tool in solid-state NMR. However, its applications have been generally
limited to low magnetic field strengths (< 1.4 Tesla), primarily due to the lack of high-
frequency microwave devices of sufficient power to drive the polarization transfer at higher
magnetic field Conventional slow-wave microwave devices such as klystrons have
limited output powers and short operating lifetimes in the millimeter wave regime because
of the large power densities generated in their small cavity structures. 1  Recently, DNP
experiments were performed at 5 T (140 GHz EPR (for g - 2), 211 MHz 'H NMR) using
a gyrotron, or cyclotron resonance maser, as the microwave source. 12 Gyrotrons rely on a
large, overmoded cavity and therefore do not suffer from the stringent power limitations of
slow-wave devices.
Using the gyrotron source, 'H signal enhancements of up to a factor of -180 were
obtained in a frozen water/glycerol solution doped with the nitroxide free radical 4-amino
TEMPO (tetramethyl-piperdinyl-oxy) at a temperature of 14 K. 13 In addition, we have
recently extended the experiment to obtain enhancements of up to two orders of magnitude
of the high-resolution CP/MAS (cross-polarization / magic-angle spinning) spectra of
biological solutes, such as the protein T4-lysozyme' 4, in the frozen TEMPO/water/glycerol
matrix. This system possesses several features which make it attractive for biological
solid-state NMR applications. Most importantly, nitroxides are extremely stable and are
compatible with a wide range of biological systems. A vast literature has been devoted to
the chemistry of nitroxide spin labels in protein, peptide, lipid and nucleic acid systems. 15
In addition, the water/glycerol matrix is widely used as a cryoprotectant for biological
systems. 16.
In this work, we investigate in detail the mechanism of electron-to-proton
polarization transfer in the TEMPO/water/glycerol system. Applications of DNP to solid-
state NMR spectroscopy have typically utilized radicals, such as BDPA (at,P-
bisdiphenylene-3-phenylallyl), which display an unusually narrow EPR lineshape. At high
magnetic fields, the polarization dynamics for systems utilizing radicals with such
lineshapes will primarily be governed by the solid effect, which is driven via direct
irradiation of the electron-nuclear transition. However, this mechanism requires a strong
microwave driving field at high magnetic field strengths, due to the rapid decrease of the
probability of the second-order transition. The lack of availability of high-power, high-
frequency microwave sources therefore tends to render the solid effect inefficient at the
magnetic field strengths comparable to those used in modern solid-state NMR
spectrometers.
On the other hand, the TEMPO radical, displays a severely inhomogeneously
broadened (-200 G) EPR lineshape at 5 Tesla. While the broad linewidth is expected to
damp the efficiency of the solid effect (since the proportion of electron spins on resonance
with the microwave field is greatly decreased), it opens the possibility of a second
polarization transfer mechanism, thermal mixing.
Thermal mixing has been extensively described by several authors.17-19 However,
most treatments assume that the EPR spectrum consists of a single homogeneous line
predominantly broadened by electron-electron interactions, and that its linewidth is larger
than the nuclear Larmor frequency. At low magnetic fields, these assumptions typically
hold, and the electron-nuclear polarization dynamics can be described reasonably accurately
by these treatments. At higher magnetic fields, however, these conditions often fail to
apply; g-anisotropy results in severe inhomogeneous broadening of most non-crystalline
paramagnetic systems, and the homogeneous linewidth is often less than nuclear Larmor
frequencies. Thermal mixing is, however, not necessarily precluded in this case. Previous
studies have demonstrated that electron-electron cross-relaxation across an EPR line can
render it effectively homogeneous over sufficiently long timescales, allowing thermal
mixing to be a viable mechanism.20
We present a number of DNP and pulsed EPR measurements which illustrate the
effect of electronic spin diffusion in the spin dynamics of the TEMPO system under low-
power microwave irradiation at 5 Tesla. These experiments suggest that, while cross-
relaxation plays a significant role, the assumption of a pseudohomogeneous EPR line fails
to hold under typical experimental conditions. We therefore explicitly include the cross-
relaxation process in a spin-temperature model of the hole-burning and polarization transfer
dynamics, and use this model to explain the salient features of DNP in the TEMPO system.
Thermal Mixing in a Homogeneously Broadened EPR Line at Low
Magnetic Fields
The main features of DNP via the thermal mixing mechanism can be explained
using a formalism in which the electron-nuclear spin system is considered to be a set of
interacting baths, each of whose state is described by an individual spin temperature. 7 For
an electron-nuclear spin system whose EPR spectrum consists of a single line broadened
primarily by electron spin-spin interactions, the Hamiltonian may be written as:
H = hwsSz + hjIzz + ss + Is + (6.1)
where os and o) are the electronic and nuclear Larmor frequencies, SZ and I are the total
electron and nuclear spin operators, and Hss, HIs, and 'WI are the magnetic dipole-dipole
interactions among the electrons, between the electrons and nuclei, and among the nuclei,
respectively.
The spin temperature treatment of thermal mixing typically assumes that the state of
the system can be described by three spin temperatures, that of the electron Zeeman system
(EZS), the electron dipolar system (EDS), and the nuclear Zeeman system (NZS) for the
nucleus of interest. The separation of a single spin system into two baths, one describing
the Zeeman interaction with an external magnetic field and a second describing the
interactions within the system, was initially suggested by Provotorov to explain the
saturation behavior of nuclear spin transitions at low rf-field strengths and been shown to
be valid for electronic spin systems at the external magnetic field strengths typically used
for EPR and DNP experiments. 18,21
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Figure 6.1: Thermodynamic model used to describe DNP in a system exhibiting a single
homogeneous EPR line at a low magnetic field strength. The solid effect is driven by direct
irradiation of electron-nuclear transition, while thermal mixing is mediated by the Electron
Dipolar System. oC, P, and y are the inverse spin temperatures which describe the
populations of their respective baths.
Thermal mixing proceeds through a two-step process driven by the irradiation of
allowed EPR transitions, rather than via direct irradiation of the nominally forbidden
transitions characterizing the solid effect (Figure 6.1). First, irradiation off-center in the
EPR line cools the EDS, which is equivalent to producing a large non-equilibrium
polarization gradient across the EPR line. Second, a thermal contact between the EDS and
NZS cools the nuclear system via a three-spin, electron-electron-nuclear process. 22,23
Equations for the dynamics of the time dependence of the three baths under microwave
irradiation have been derived by several authors.6,18,24-26 We will present the main results
for a single homogeneous EPR line at low magnetic field, and use a similar formalism as a
basis to describe the dynamics at high magnetic field strengths.
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Figure 6.2: (top) Population diagram of a homogeneously broadened spin 1/2 EPR line.
The two bands in each diagram correspond to the populations of the upper- and lower-
EPR manifolds, and broadening of each level is assumed to derive from electron-electron
dipolar interactions. The left diagram illustrates the thermal equilibrium condition, in which
the EDS and EZS are at the same temperature as the lattice. The right diagram shows the
effect of microwave irradiation downfield of the center of the EPR line. The mismatch
between the Larmor frequency of the electron and the microwave frequency results in a
dynamic cooling of the EDS, and hence a large polarization gradient within each manifold,
while the Zeeman spin temerature remains at approximately its thermal equiibrium value.
(bottom) The EPR absorption which would be observed for the two energy diagrams
above. Under microwave irradiation at rm = 0e - A, a polarization gradient is established
across the EPR line.
For a homogeneous, spin-1/2 EPR line whose dominant broadening mechanism is
due to the electron-electron dipolar interaction, the population dynamics of the electronic
system are described by two parameters, a and /, which are derived from the spin
1 1
temperatures of the EZS (a = ) and the EDS ( = ). a and / are measures of
kTEzs kTEDS
the ordering of spins in the external magnetic field and the dipolar field of other electrons,
respectively. Under the high temperature approximation, the electronic spin polarization
P(w) at a frequency w = we + A is given by
P(o) = hAea + hAf (6.2)
2
where we is the electron Zeeman frequency and A is the deviation from the center of the
EPR line. At thermal equilibrium, all baths can by described by a temperature equal to that
of the lattice (Figure 6.2).
Polarization transfer from the electronic to nuclear spins via thermal mixing is
driven by irradiation off the center of the EPR line. A microwave field with a frequency
w = We + A induces changes in the temperature of both the EDS and NZS. For every
quantum hwe absorbed by the electron Zeeman reservoir, the remaining hA is absorbed by
the electron dipolar system. The system will eventually reach a steady-state when
saturation of the microwave transition occurs, implying P(w) = 0 and TEDS = - TEZS .
We
Since A is much smaller than we at even moderate external magnetic fields, the steady-state
condition results in a dynamic cooling of the dipolar system and a large non-equilibrium
polarization gradient being established across the EPR line (Figure 6.2).
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Figure 6.3: Diagram illustrating the process by which thermal mixing proceeds. A large
polarization gradient across the EPR line is established by off-resonance irradiation, as
shown for the EPR absorption lineshape at left. Energy-conserving (OS2 = Os, + (I)
three-spin processes (right) involving two electronic spins (S, and S2) and one nuclear spin
(I) then drive the high polarization of the dipolar bath to the nuclear manifold.
If w, is less than the EPR linewidth, a thermal contact can exist between the EDS
and the NZS, proceeding via an energy-conserving second-order process in which two
electronic spins (S and S2) and a nuclear spin (I) simultaneously flip. Since the EPR
linewidth is less than wi , the difference in the instantaneous dipolar fields of two electrons
provides a quantum m, to the nuclear bath (Figure 6.3). The dynamics of this process can
be described by the following equations 18,24:
dt Teen
dy 1Y = _ ( - 7), (6.3)
dt Tnee
where
1 1 N 2 _4q 2 f(0n) (6.4)
nee Teen 0)L T2ee f(O)
N is the ratio of the number of nuclear spins to the number of electronic spins, T2ee is the
component of the electronic T2 resulting from electron-electron couplings, OL is the heat
capacity of the electronic dipolar reservoir per electronic spin,
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4 o2 r6
r is the distance between the electron and nucleus, 0 is the angle of the electron-nuclear
vector with respect to the external magnetic field, and
f(o") = Jg(')g(o)(-w - 'w"-)dwdc' (6.6)
is an estimate of the lineshape function representing the probability of two electron spins
with normalized EPR lineshape g(w') having an instantaneous energy difference w".
(The effects of nuclear spin diffusion and the fact that there is a distribution of electron-
nuclear couplings must be explicitly considered to obtain the overall rate for the system.
See e.g. Duijvestin et. al. 24) Equation (6.4) is derived by considering the electron-
electron-nuclear process as a second order perturbation of the electron-electron flip-flop
transition (S S ) by the SI + term of the hyperfine coupling. The different rate constants
1 1for the EDS ( ) and the NZS ( ) is simply a consequence of the two reservoirs
Teen Tnee
possessing different heat capacities, as the total energy is conserved in this process.
This contact between the EDS and NZS drives the two baths toward a common spin
temperature, so the microwave-induced cooling of the dipolar bath leads to cooling of the
nuclear spins. As opposed to the solid effect, which requires intense microwave fields to
induce the nominally forbidden electron-nuclear transitions, the direct thermal mixing
mechanism relies on the existing thermal contact between the electron and nuclear spin
systems and is driven by irradiation of the EPR transitions. This distinction between the
two mechanisms is particularly important at high magnetic field strengths, where, as
discussed in Chapter 2, insufficient microwave field strength is often the primary factor
limiting the efficiency of the DNP experiment. 12
Thermal mixing at low magnetic fields has been thoroughly studied; a number of
authors have used the spin temperature formalism to model the dynamics of the three
relevant spin baths for a variety of systems and experimental conditions. 6,18,22,24
However, at high magnetic fields, two important factors come into play which these
theories do not generally consider. First, the EPR spectrum of a paramagnetic species in
the solid state rarely consists of a single homogeneous line broadened primarily by
electron-electron dipolar interactions. Instead, most spectra display severe broadening by
g-anisotropy and other mechanisms, leading to inhomogeneously broadened lines.
Secondly, at high fields, the assumption that wo, is less than the homogeneous EPR
linewidth is often invalid, suggesting that the thermal contact between electrons and nuclei
does not necessarily proceed via the dipolar system of the electrons.
However, thermal mixing is not necessarily precluded under these conditions. As
first explained by Bloembergen et. al., electron-electron cross relaxation across an
inhomogeneously broadened EPR line can render the line partially homogeneous over
sufficiently long time scales. 27 This energy-conserving, flip-flop process leads to an
equalization of the polarization of overlapping spin packets. If cross-relaxation is
sufficiently faster than electronic spin-lattice relaxation, then the EPR line can effectively
behave as if it were homogeneous 20, 28,29 , and the DNP dynamics closely mirror the
homogeneous line case.6 However, in the intermediate regime where cross-relaxation
competes with spin-lattice relaxation, the homogeneous model no longer applies and the
effects of cross-relaxation must be explicitly accounted for in order to explain the DNP
phenomena. We will present experimental evidence suggesting that the
TEMPO/water/glycerol system is in this intermediate limit under typical conditions for DNP
experiments, and describe the polarization transfer dynamics in this regime.
Experimental
EPR
The CW and pulsed EPR measurements were performed on a homebuilt, 139.50
GHz EPR spectrometer which has previously been described. 30 The spectrometer utilizes
a quadrature detection scheme and a large-bore magnet centered at a field value of 4.974 T
with a ±75 mT superconducting sweep coil. 31 A cylindrical resonator operating in TEO]I
mode exhibits a loaded Q of approximately 500-750. The EPR samples are loaded into
quartz capillary tubes with OD's ranging from .55 mm for low concentration (<10 mM)
samples to .16 mm for concentrated samples. The smaller diameter tubes are required for
highly concentrated samples to minimize susceptibility effects.
The pulsed EPR spectrometer employs high-frequency microwave switches
(Donetsk Physico-Technical Institute of the Ukraine Academy of Science) capable of
operation with input powers of up to 500 mW. rt / 2 pulse lengths of -400 ns are obtained
with a -10 mW Gunn diode source (Millimeter-Wave Oscillator Co.). The switches are
controlled by a pulse programmer with 4 ns resolution (Interface Technology). The
software controlling the EPR spectrometer is written in the LABVIEW environment and
data is collected with a boxcar averager.
DNP
NMR experiments are performed using a homebuilt 211 MHz spectrometer (30)
employing a heterodyne mixing scheme with an IF of 120 MHz. The spectrometer shares
the magnet and sweep system with the 139.50 GHz EPR spectrometer. All DNP data were
acquired with a two channel transmission-line probe capable of operation at temperatures
from 4 to 300 K. A WR-42 waveguide delivers microwaves through the length of the
probe. Near the sample, the waveguide tapers to WR-8, and the microwaves are launched
between turns of the NMR coil.
DNP is performed using either a 139.50 GHz Gunn diode or a 139.64 GHz
gyrotron to drive the polarization transfer. The microwave Q of the static DNP probe is
very small (Q-l1-3), which limits the magnitude of the microwave field. However, the
advantage of this design is that the optimal Q and filling factor of the NMR system is
retained since the RF circuitry is unperturbed by the microwave components. The Gunn
diode source has a output power of -10 mW. Transmission to the sample leads to
approximately 10 dB of attenuation, resulting in 1 mW at the sample.
'H DNP enhancements were measured via saturation recovery experiments. After a
long (-5 ms) saturation pulse and a delay T, the nuclear polarization is measured via a solid
echo (( / 2), - T - ( / 2) - c). The DNP enhancement e is defined as e = - 1, where
I0
I and Io are the signal intensities with and without CW microwave irradiation. Signal
intensities were also measured with microwave irradiation completely off-resonance with
the EPR line to exclude heating effects. In all experiments presented here, the DNP
process falls into the regimes where the polarization transfer rate is equal to that of the
nuclear spin-lattice relaxation rate. As such, the DNP enhancement can be determined by
comparing I, and I1 at short values of T.
Samples
Samples consisted of various concentrations of the nitroxide free radical 4-amino
TEMPO (2,2,6,6-tetramethyl-l-piperidinyloxy) dissolved in a 60:40 glycerol/water
solution. For NMR experiments, -120 pl of solution was placed in a -4 mm OD quartz
tube (Wilmad). The samples underwent several freeze-pump-thaw-cycles to exchange
dissolved oxygen, which can increase the rate of electronic and nuclear spin-lattice
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Figure 6.4: Block diagram of the experimental setup used for the high-frequency ELDOR
measurement. Microwaves from the 139.64 GHz gyrotron source are switched and
attenuated before entering the 139.50 GHz channel via the reflected power port on a
directional coupler. The 139.64 GHz channel does not affect the sensitivity 139.50 GHz
detection channel.
relaxation, with nitrogen gas before being sealed. EPR samples were similarly degassed
and sealed.
Gyrotron
High-power DNP and ELDOR experiments utilize a 139.64 GHz gyrotron source
(previously described¢Becerra, 1995 #274) which has been optimized for DNP
applications. Unlike the short-pulse (-ms), low duty-cycle applications of gyrotrons in
plasma physics experiments, electronic laboratory frame DNP experiments such as the
solid effect and thermal mixing generally require pulses on the order of the nuclear T,
(-seconds). This gyrotron is capable of -100 W output under quasi-CW conditions (60%
duty cycle) and -10 W under CW operation, and a shot-to-shot frequency stability of -2
ppm. Transmission losses of 10-12 dB result in a maximal microwave power at the sample
of approximately 1-10 W.
ELDOR
Electron-Electron Double Resonance (ELDOR) experiments measure the cross-
relaxation within an EPR line by monitoring at one frequency the effect of irradiation at a
second. ELDOR is one of the few methods by which the rate of spectral diffusion across a
broad EPR line at high magnetic fields can be experimentally accessed. Using a single,
fixed-frequency excitation and detection system as in NMR, is precluded due to the narrow
bandwidth of high-field spectrometers compared to EPR linewidths. Other options include
either sweeping the frequency of the millimeter wave source or sweeping the external
magnetic field strength. However, implementing a sufficiently fast and precise sweep over
a several hundered Gauss EPR line by either of these methods would prove difficult.
Our implementation of the ELDOR experiment (Figure 6.4) utilizes two fixed-
frequency microwave sources: the 139.64 GHz gyrotron for excitation and the 139.5 GHz
EPR bridge for detection. We measure the effect of the excitation pulse on the electron spin
echo intensity at the detection frequency as a function of magnetic field strength. The
frequency difference between the sources corresponds to approximately 70 G, which
should provide a good measure of medium-range spectral diffusion across the - 200 G
TEMPO EPR line. It is crucial that the addition of the 139.64 GHz excitation channel does
not degrade the efficiency of the 139.50 GHz detection channel, as the intensity of the
electron spin echo is very sensitive to trasmission losses between the EPR bridge and the
sample. Fortunately, since the gyrotron power output is very high, optimum coupling of
the excitation channel into the detection channel is not required to obtain suffiently strong
excitation fields.
In our setup, 135.64 GHz microwave irradiation from the gyrotron is controlled by
an experimental prototype high-power microwave switch (Capitol Technologies), which
exhibits - 30 dB isolation and - 3 dB transmission loss at 140 GHz. The microwaves then
pass through a variable attenuator, which is required to avert the possibility of damage to
sensitive components of the microwave bridge. The excitation channel couples into the
detection channel via the input port on a directional coupler just outside the EPR probe.
This implementation does not perturb the 139.5 GHz channel; the observed EPR pulse
widths and echo intensities are unaffected by the additional channel. Although the
cylindrical resonator is tuned to 139.5 GHz in order to achieve maximal echo intensity, the
coupling of the excitation channel is only approximately 3 dB less than the coupling of the
detection channel, assuming that the resonator exhibits a Q of approximately 500.
The ELDOR pulse sequence is shown in Figure 6.5. The gyrotron source is run
CW during the entire acquisition in order to eliminate the characteristic frequency drift at the
beginning of a pulse due to cavity heating. The output of the gyrotron is controlled by a
high-power 140 GHz switch. After 139.64 GHz microwave irradiation for a time T and a
delay r, a three-pulse stimulated echo pulse sequence measures the polarization at 139.50
GHz. The intensity of the stimulated echo is monitored with a boxcar averager.
139.64 GHz T
Gyrotron
Pump 
'/2 /2
139.50 GHz
Gunn Diode
Probe
Figure 6.5: Pulse sequence of ELDOR experiment. The sample is irradiated with 139.64
GHz microwaves from a gyrotron source for a time T. After a delay r, the stimulated echo
is measured with the 139.50 GHz EPR bridge. The 139.64 GHz channel is controlled by a
high-power microwave switch, and the gyrotron is run CW during the entire experiment to
minimize frequency drift.
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Theory
To model the hole-burning and polarization transfer dynamics in the
TEMPO/water/glycerol system, we use a modified version of the spin temperature
treatment 6,17, 18 which has been used to describe DNP at low magnetic fields. As
discussed earlier, some of the assumptions which are typically made in this model are not
necessarily valid for systems such as TEMPO, which exhibits a broad inhomogeneous
EPR line at high magnetic fields. At low field, radicals utilized for DNP generally display a
single homogeneous EPR line, or are at a sufficiently high concentration that the line is
rendered effectively homogeneous by cross-relaxation. However, for paramagnetic
systems at the high magnetic fields (5-15 Tesla) and moderate temperatures (10-300 K)
which characterize solid-state NMR applications, cross-relaxation is not necessarily in the
fast limit. Under these conditions, microwave irradiation will result in hole burning rather
than uniform excitation of the EPR line, rendering the assumption of a single Zeeman spin
temperature invalid.
A second assumption made in describing low-field thermal mixing experiments is
that the polarization transfer to the nuclei is mediated by a coupling to the EDS. This is
appropriate since the nuclear Larmor frequency is typically on the order of, or smaller than,
the electronic dipolar broadening, which allows three-spin energy-conserving transitions to
couple the electronic dipolar and nuclear Zeeman systems. In fact, in descriptions of DNP
at very low temperature, the EDS and NZS are often considered to be sufficiently strongly
coupled so that they are assigned the same spin temperature.6, 18,26 However, at high
magnetic fields, particularly for high-y nuclei, this assumption is often invalid, as the
nuclear Larmor frequency can be significantly broader than the EPR homogeneous
linewidth. As an illustration of this, at 5 Tesla, no 'H polarization enhancement attributable
to thermal mixing was observed in experiments performed either at room temperature or at
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low temperature (- 12 K) in systems consisting of the radical BDPA doped into
polystyrene. 12,30 The BDPA EPR line (which is effectively homogeneous when the
radical concentration is reasonably high) is much narrower (w/27r -30 MHz) than the 'H
Larmor frequency ((OH/ 2 r =211 MHz). As a result, the probability of an electron-
electron-nuclear spin flip is negligibly small, resulting in an extremely weak thermal contact
between the 'H spins and the electron spins. In comparison, at lower magnetic fields (<1.4
T), the BDPA linewidth is on the order of the nuclear Larmor frequency and a sizable
thermal mixing enhancement has been observed. 19,24
Thermal
Contact
Microwaves
Figure 6.6: Thermodynamic model used to describe thermal mixing in an
inhomogeneously broadened EPR line with fast cross-relaxation. The model is similar to
that for a homogeneously broadened line, except the non-Zeeman electronic reservoir is
comprised of interactions characterizing the homogeneous and inhomogeneous EPR
broadening. The state of the entie broadening system is described by a single parameter
1
03 = . In this model, if the EPR linewidth is at least on the order of the nuclear
TEBS
Larmor frequency, then an electron-nuclear thermal contact can exist, coupling the electron
broadening system to the nuclear Zeeman system.
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In contrast with BDPA, the inhomogeneous broadening (-200 G) displayed by the
TEMPO EPR line at 5 Tesla is larger than w,, opening the possibility that an electron-
nuclear thermal contact exists which is sufficiently strong to be exploited for polarization
transfer. If the cross-relaxation rate across the TEMPO line is sufficiently fast, the spin
dynamics of the system can be modeled analogously to the thermal mixing dynamics for a
system exhibiting a homogeneous EPR line. In the case of fast cross-relaxation, the entire
broadening, both inhomogeneous and homogeneous, of the EPR line can be considered to
form a bath which is characterized by a single spin temperature (Figure 6.6). Since on is
greater than the EPR broadening, this so-called Electron Broadening System (EBS) would
sustain a coupling to the 'H spins. The polarization dynamics in the electron-nuclear would
be described by equations with the same general form as those for a single homogeneous
EPR line.
However, since the DNP experiments described here are performed at a high
magnetic field strength (resulting in increased inhomogeneous linewidths) and at moderate
temperatures (leading to faster electron spin-lattice relaxation), the assumption of fast cross-
relaxation across the TEMPO EPR line does not necessarily hold and the simple three-bath
model no longer adequately describes the polarization transfer dynamics. Instead, the
coupling between the electronic and nuclear spins would proceed via pairs of electronic
spin packets (spaced w, apart) whose Zeeman temperatures can differ from one another.
To describe the DNP effect in the intermediate relaxation regime, we split the
inhomogeneous EPR line into a number of 'homogeneous' resonances, or spin packets32
1
(A,), whose polarization is each described by an individual parameter ai = -, where Ti iskT
the Zeeman temperature of the spin packet. Each spin packet has a slightly different
resonance frequency, due to the effects of g-anisotropy and hyperfine couplings. In
103
addition to the temperatures of the individual electronic spin packets, a single parameter
1
/3 = characterizes the electron-electron dipolar interaction energy of the system 33,34
k TEDS
1
and a parameter y = characterizes the Zeeman polarization of the nucleus of
k TNZ
interest, in this case 1H. The validity of this spin temperature model relies on the
assumption that, the state of the spin system is fully described by these parameters. The
conditions for this have been extensively discussed by Goldman 17 and Provotorov. 21
Given this model, the dynamics of the spin system can now be expressed as a set of
equations which characterizes the effects of microwave fields and of relaxation among the
various baths and between the baths and the lattice. The rates of these processes are
derived from the off-diagonal Hamiltonian terms coupling the various baths 21. The effects
of spin-lattice relaxation and microwave irradiation are straightforward to incorporate, and
their rates are easily determined experimentally. However, electron-electron and electron-
electron-nuclear cross-relaxation are more involved. We will discuss the theory of each of
these processes, then discuss the model we use to simulate their effects in the TEMPO
system.
Electron-Electron Cross Relaxation: As initially described by Bloembergen et.
al.27, spin packets which overlap in frequency space can exchange polarization via energy
1
conserving flip-flop processes. The rate of cross-relaxation ( ) between two spin-1/2
cr
electrons( Si and Sj) depends on the magnitude of the flip-flop term [Bij (S+ S + SSf) ]
of the dipolar Hamiltonian and the spectral overlap between the two packets.
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For a crystalline system consisting of two coupled electrons, each displaying a
homogeneous EPR line with center frequencies ws, and ws,, respectively, this rate can be
approximated as:
1 2
= 2rBU gij(A),
Tcr
1 2hBij= 4 r3 (1-3cos2 ),1J 4 r3
g1 (A) = fgi(w)gj,(')8(w - o'-A)dodo'
where r and 0 are coordinates of the vector between the two electrons with respect to the
external magnetic field, and gi (w) and gj(w') are the normalized ( g(w)dw = 1) spin
packet lineshapes. 27,35,36
105
where
(6.7)
(6.8)
(6.9)
Figure 6.7: Two overlapping spin packets can exchange energy via energy-conserving
flip-flop processes. The difference in Zeeman energy hA is taken up by the broadening
system of the spin packets. The rate of the cross-relaxation is proportional to the
magnitude of the overlap of the spin packets.
The flip-flop transition removes Zeeman energy hAs from one spin packet and
delivers h cos to the other spin packet. The difference in energy (hA = h s, - h Cws)
which emerges from the cross-relaxation process is taken up by the electron-electron
dipolar reservoir (Figure 6.7). Thus, cross-relaxation transitions perturb the Zeeman
temperatures of the two spin packets and the temperature of the dipolar broadening system.
In the simple system consisting of a pair of electron spins with frequency difference
A, the evolution of the parameters describing the three baths can be described by the
following equations 17,18s:
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dp_ 1 Af(Pi - P )dt Tcr 2
dpj 1(Pi 
- P A
dt Tcr 2
d__2 1 A2 hA
dt - 2_0 (Pi - Pj 2 (6.10)
s, dt Tcr L 2
where p, = is the polarization of the i'th line and (9 is the heat capacity of the
2
dipolar reservoir per electronic spin.
It is important to note that fast cross-relaxation does not necessarily lead to an
equalization of Zeeman polarization between the two spin packets. The system reaches
steady-state when (p, - pj - ) = 0. As an example, if the dipolar reservoir of the
electrons is cooled, P would be large and the quasi-equilibrium condition could represent a
significant polarization difference between the two spin packets. This effect occurs because
as the dipolar reservoir is cooled, it becomes entropically favorable for the two spin packets
to maintain a polarization difference rather than removing from the dipolar reservoir the
energy required for a flip-flop transition between the spin packets.
The cross-relaxation process competes with electron spin-lattice relaxation. If the
1
cross-relaxation rate across an inhomogeneous EPR line is not significantly faster than ,
low-power microwave irradiation will result in non-uniform excitation (hole-burning)
within the line. However, when cross-relaxation dominates, the entire line can be treated
as effectively homogeneous. Rodak has shown that, in this limit, the electron dynamics
can be described, as in the case of a homogeneous line, by two parameters, a and /, with
a corresponding to the Zeeman temperature of the entire EPR line and / to the temperature
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of a combined bath representing both the homogeneous and inhomogeneous broadening of
the entire line (Figure 6.6).29 Therefore, in systems which exhibit inhomogeneous lines
with fast cross-relaxation, the model of thermal mixing for a single homogeneous EPR line
can generally be recovered with minor adjustments. 6 However, for systems in which
cross-relaxation proceeds at a moderate rate, no such simple model describes the electron
spin dynamics, except for very basic 37 EPR lineshapes. 26,38 For the TEMPO line, we
have chosen to numerically simulate the cross-relaxation process. Our methods to do so
will be described later.
Electron-Electron-Nuclear Coupling: At low magnetic fields, and for very low-y
nuclei at higher magnetic fields, wn is on the order of (or less than) the homogeneous EPR
linewidth, which, as described earlier, leads to a thermal mixing of the EDS and the NZS.
At high magnetic fields, Zeeman frequencies are often much larger than the average
electron-electron dipolar couplings, suggesting that these two baths are no longer directly
coupled to one another. However, for systems such as the TEMPO radical in which the
inhomogeneous linewidth is greater than the nuclear frequency, energy-conserving three-
spin cross-relaxation transitions, involving one nuclear and two electronic spins (from spin
packets which differ in frequency by co,), provide an electron-nuclear thermal contact
which does not proceed via the EDS. Equations (6.3) and (6.4) must be modified to
explain the polarization transfer dynamics in this case.
For an inhomogeneous EPR line, the overall rate of the thermal contact the nuclei
experience to the electrons is similar in form to that for the case of a single homogeneous
EPR line (Equation (6.3)),
1 41q 2 f(on) (6.11)
Tnee T2ee f(O)
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withf(o) defined similarly to Equation (6.6), except that g(o) is taken to be the complete
inhomogeneous lineshape rather than the homogeneous linewidth. If the electronic system
remains at thermal equilibrium, then 1/T,nee is the contribution to nuclear spin-lattice
relaxation induced by electron-electron flip-flops. While, on the surface, the dynamics
appear similar to those for a system with a homogeneous EPR line, they are complicated by
the fact that there is not necessarily a linear polarization gradient across the EPR line, so
pairs of electronic spin packets spaced w apart will exhibit polarization differences that can
vary across the line. Modeling the spin dynamics in this case becomes substantially more
complicated as the contribution from each of these spin pairs has to be calculated
separately.
Before discussing the simulation methods for this electron-electron-nuclear process
in more detail, it is useful to examine qualitatively the strength of the electron-nuclear
thermal contact as a function of the EPR lineshape for a fixed radical concentration. We
will consider systems in which the EPR frequencies are spatially uncorrelated, so that the
EPR lineshape can then essentially be considered a representation of the probability
distribution of the EPR frequencies for any site.
We can then show that the electron-nuclear coupling will be weak in systems with
either an extremely narrow or extremely broad lineshape because the probability of
neghboring electron spins possessing the requisite frequency difference becomes very
small. If we assume a basic model of a rectangular EPR line of inhomogeneous width 8,
then f(o,) is maximized when 5 = 2w,. Thus, choosing a radical whose linewidth is
approximately twice the nuclear frequency of interest should optimize the thermal contact
between electrons and nucleus. At 5 T, the TEMPO EPR line spans approximately 600
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MHz, and most of the spectral density is in a 400 MHz region; this radical seems to be
well-suited for thermal mixing experiments to proton nuclei ( vn = 211 MHz).
On a side note, the optimum electron-electron-nuclear coupling would occur if the
EPR line were composed of two narrow lines spaced exactly ( n apart. Saturation of one
of the EPR lines would introduce a large polarization difference, which would be be
transferred to the nuclei. This mechanism 39,40, called the cross effect, was suggested early
in the development of DNP, but there have been few practical demonstrations of the
technique. It may be possible to engineer a system which would accomodate the cross
effect, with the splitting between the two EPR lines derived from a strong hyperfine
coupling, from the dipolar interaction between the two radicals, or from the difference in g-
values between two different radicals with narrow EPR lines. While the efficiency of the
thermal contact is certainly lower than the systems just described, the ease of sample
preparation, the high stability of the radical, and wide range of solutes which are
accomodated are prime benefits of the TEMPO/water/glycerol system.
To summarize, at high magnetic fields, a strong thermal contact between electrons
and nuclei can occur if the inhomogeneous EPR linewidth is greater than on. Microwave
irradiation of the EPR line under these conditions can impose non-equilibrium polarization
differences between electron spin packets w,, leading to polarization enhancement of the
nuclear spins. Under conditions of fast cross-relaxation, the EPR line can be considered
homogeneous, and its spin dynamics can be described analytically with two parameters (a
and 3 ) using the theory for a single homogeneous resonance. However, in cases of
moderate cross-relaxation, microwave irradiation results in extremely anisotropic behavior,
which is not easily described analytically. Cross-relaxation must be explicitly considered in
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Figure 6.8: Thermodynamic model used for simulations of DNP in the
TEMPO/water/glycerol system. Each of the N bins represents an equally-spaced region of
the EPR spectrum. Electron-electron cross-relaxation occurs between neighboring bins,
and electron-electron-nuclear relaxation occurs between bins spaced w, apart.
order to simulate the polarization transfer dynamics in the electron-nuclear system. The
following section describes a protocol for doing so.
Simulations
Simulations of the spin dynamics in the TEMPO/water/glycerol system are
performed using the thermodynamic model illustrated in Figure 6.8. The EPR line is split
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Electron-Electron
Cross-Relaxation
Tin
into X bins, each of equal frequency width (OBin.
1 ) and a center frequency wei, and has an intensity ni,kT
normalized so I n, = 1. A single parameter
1
the electron dipolar system, and y =
k TNZ
P -= corresponds to the temperature ofk TEDS
represents the temperature of the proton spin
system.
We define a vector K, which is made up of N+2 parameters that completely define
the state of the spin system. The first N elements of K are proportional to the
magnetization in each of the Nbins: ki = = = haiwOei for I N. The final elements of K
describe the electron dipolar and nuclear Zeeman baths: kN+1 = /, and kN+2 = '.
When the effects of spin-lattice relaxation, microwave saturation, electron-electron
cross-relaxation, and electron-electron-nuclear cross-relaxation on each of the N+2
parameters are incorporated, a differential equation of the following form can be found:
-A= K+N (6.12)
where the elements of ^A and N are derived from the following relations:
dm,- W-B-C +C -D +D
dt -W - B - C,_,i + C1i ,+, - Dta,i + ,,+adt
d(hwBinfl)
dt
Oin
= -BD 2
O)Loc
d(hy= 
-BN
dt
1
N
SCii+
l!i<N
X Di,i+a
1i<N-a
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temperature T (and ai =
Each bin is characterized by a Zeeman
where Wi = Wmi for irradiation on resonance with bin i
Wi = 0 otherwise
1
Bi = (mi - m?),Te
TID
BN =-n Y- ),
TI n
Cjk = Wcr[nJmk - nkmj + njnk(hf(oBin)] for < j,k N and0 otherwise (6.13)
Djk Ween[njmk - nkmj + njnk(hy(on)] for 1 5 j,k < 
N
0 otherwise
a is the number of bins separating spin packets (on apart, m?, Po and yo are the thermal
equilibrium values of mi , fl, and y, Wcr is the cross-relaxation time between neighboring
bins, Ween is the three spin cross-relaxation rate, W is the microwave saturation rate, Tie
and TD are the electronic and dipolar spin-lattice relaxation times, T x is the relaxation time
of the nuclear spins arising from processes other than electron-electron-nuclear relaxation,
and (oLoc is the average electron-electron dipolar frequency. (The notation is based on that
of Hoogstraate et. al.34) We will now discuss the important parameters in Equations
(6.12) and (6.13) and the inherent assumptions made in deriving these relations.
Number of Bins: A critical parameter affecting the simulations is the number of
bins X into which the spectrum is divided. We choose X such that the intensity of the
TEMPO spectrum is relatively constant across a bin, yet not so large as to make calculation
times unwieldy. In our simulations, we have typically split the TEMPO spectrum into 400
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bins of approximately O)Bin /21 r = 1.8 MHz. In this case, the width of a bin is substantially
larger than the homogeneous EPR linewidth. (See Results section.)
Microwave Saturation: Only allowed transitions are assumed to be driven by the
microwave field, as the experiments described here are all performed using experimental
setups which generate relatively weak microwave fields, allowing us to neglect the effect of
microwave-driven electron-nuclear transitions in the simulations. The microwave field is
considered to only perturb the bin with which it is on resonance, which should be a good
approximation as the microwave field strength in these experiments is small compared to
O)Bin lYe and the homogeneous spin packet linewidth is smaller than the bin width.
Unlike the case of a single homogeneous line, in which off-resonance irradiation of
the EPR line drives polarization transfer by perturbing the dipolar spin temperature, we
neglect the effect of microwave irradiation on the parameter P. This is reasonable for two
reasons. First, microwave irradiation within an inhomogeneous line with unresolved spin
packets will result in some spin packets being driven above their resonance frequency and
some being driven below their resonance frequency, mimimizing the net perturbation of P.
Also, the magnitude of any contribution to P from off-resonance irradiation of the narrow
spin packet in the TEMPO line should be much less than the effect of cross-relaxation if
cross-relaxation is reasonably fast.
The microwave saturation rate W in the simulations can be estimated as
W = =02 h(Om,), where wm is the microwave frequency, w1 is the electronic Rabi
frequency and h(w) is the normalized shape of the bin.6,17,2 1 Since the number of bins is
sufficiently large, their shape can be considered effectively rectangular, suggesting
h(OJm) ~ 1/ 0Bin -
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Because the ELDOR and DNP measurements are performed using experimental
setups which differ greatly from a standard high-field pulsed EPR spectrometer, it is
difficult to directly measure w in either experiment. However, reasonable estimates can be
derived by extrapolating from the known Rabi frequency (wo1/27r-.8 MHz) of the 139.5
GHz pulsed EPR spectrometer which uses the 10 mW Gunn diode source for excitation
and a cylindrical resonator as the coupling structure. In the ELDOR experiment, the pump
field strength was estimated by adjusting for the power of the gyrotron source and for fact
that the resonator is tuned for the probe frequency, 139.50 GHz, rather than the pump
frequency (139.64 GHz). In the DNP experiment, the microwaves are simply launched
into the sample from a WR-8 waveguide. The Q is extremely low with this setup, and the
microwave field is extremely anisotropic, resulting in a wide distribution of relatively field
strengths.
1
Spin-Lattice Relaxation: The electronic spin-lattice relaxation rate ( ) was
T1e
assumed to be approximately constant across the TEMPO spectrum. 'T was determined to
be approximately 80 ms at 12 K from experiments on low-concentration (1 mM) samples
and long-saturation pulse saturation-recovery measurements on the 40 mM TEMPO
solution (see Results section). T,, is difficult to measure directly, but is typically taken to
be a factor of one to three times shorter than Te*.26
1
The observed nuclear spin-lattice relaxation rate ( ) can be shown to be equal to
1 1 1 1 N
- + - = + , assuming that relaxation of the electronic system is not the
Tn T1x  Tnee T1 Teen
bottleneck in the nuclear relaxation process. Measurements of the nuclear relaxation rate at
low electron concentrations can help to determine the value of T1x at high concentrations,
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although it is important to recognize that direct electron-nuclear relaxation processes also
contribute to T1x .
Electron-Electron Cross-Relaxation: Only cross-relaxation between neighboring
bins is considered, which relies on the assumption that longer-range exchange processes
are comparatively very slow. Since the homogeneous electronic spin packet linewidth is
much smaller than the width of a bin, this is likely to be a reasonable assumption.
However, if the spin packets have a long, high frequency tail, which is difficult to measure
in our spectrometer due to receiver ringdown, long-range processes may play a significant
role.
Since O)Bin is much greater than the spin packet linewidth, the cross-relaxation
parameter Wcr in the simulation does not represent the rate of exchange between two spin
packets separated by WOBin; rather, it simply is a phenomenological diffusion rate between
the spin packets in one bin with those in the neighboring bin. We make the assumption that
Wcr is constant across the spectrum, which is reasonable since the spin packet lineshapes
are approximately the same across the entire EPR lineshape, implying that overlap integrals
between spin packets are also uniform across the line
It should be noted that the fact that Wcr is constant across the line does not imply
that the observed rate of polarization diffusion will be uniform across the line. In the center
of the line, where the EPR intensity is highest, the likelihood of an electron spin being
proximate to another electron spin close in frequency is much larger than on the edge of the
line, leading to faster cross-relaxation rates in the center of the line than on the edge.
Because this rate is difficult to predict a priori, Wcr is determined by fitting the simulations
to the experimental ELDOR and field dependence data.34
Electron-Electron-Nuclear Relaxation: The equations predicting the dynamics of the
three-spin cross relaxation process are very similar to those for the electron-electron
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process. Similar to the previous case in which only nearest neighbors interacted, only
those spin packets which differ in frequency exactly by (0n are assumed to contribute to
three-spin electron-nuclear polarization transfer.
Solution of Equation (6.12): In DNP simulations, the assumption is often made
that the electronic system reaches a steady-state much faster than the nuclear system,
allowing the electronic steady-state solution to be used to determine the nuclear dynamics.
We have also made this assumption for the simulations of the TEMPO system. In general,
the condition for the validity of this assumption is difficult to derive, but for the special case
No2
of fast cross-relaxation, it is (Te) - ' >> (T,,, + T) - ', where OIHB represents the
magnitude of the non-Zeeman Hamiltonian.24 For the 40 mM TEMPO/water/glycerol
system, we have estimated that this condition is not held sufficiently strongly to guarantee
that the electronic dynamics are unaffected by electron-nuclear processes. However, we
have observed no significant differences in the calculated electronic steady-state
polarizations in the ELDOR and DNP simulations when the coupling to the nuclear spins is
incorporated into the simulations. Therefore, we have employed the electronic steady-state
approximation, which reduces the number of free parameters in the simulations.
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Figure 6.9: Simulations of hole-burning in the 4-amino TEMPO EPR line as a function of
the cross-relaxation rate Wr. The EPR spectrum is calculated under conditions of steady-
state microwave irradiation using estimated parameters for a 40 mM solution of the radical
at 12 K. The spectrum was separated into N = 400 bins, each approximately 1.8 MHz
wide. The parameters used in the simulations were OMicrowave = 49670 G, Te, = 75 ms,
TID = 25 ms, WLoc/27r = 20 MHz, and W = .1 MHz. The solid line shows the echo-
detected EPR spectrum of 1 mM 4-amino TEMPO in 60:40 glycerol/water.
Figure 6.9 shows a series of simulations of EPR hole-burning under a reasonably
strong microwave field. Estimated values of TIe, TID, and ooc for the
TEMPO/water/glycerol solution at 12 K are used, and the cross-relaxation rate (Wcr) is
varied over several orders of magnitude. 139.50 GHz microwave irradiation at a magnetic
field of 49670 G is considered. For slow cross-relaxation rates, there is little spectral
diffusion, and the line can be considered strictly inhomogeneous. As the cross-relaxation
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rate increases, the line becomes increasingly homogeneous, until, under very fast cross-
relaxation, the hole is completely delocalized, and the downfield portion of the EPR line
becomes emissive. In this limit, the polarization (Pi = mi/ni) is linear across the entire
line, meaning that the broadening reservoir can be described by a single parameter f. The
mechanism for this effect in the simulation is the cooling of the electronic dipolar reservoir
by asymmetric cross-relaxation (due to the off-center irradiation of the EPR line). Since
this reservoir couples all neighboring pairs of spin packets, the cooling of the dipolar
reservoir drives all pairs toward an equal polarization difference.
The cross-relaxation parameter W,r which would be expected for a 40 mM radical
solution is well below that which the simulations suggest would be required for the
pseudohomogeneous line approximation to be valid. Abragam gives an estimate for the
electron-electron dipolar broadening in a magnetically dilute substance in which the
magnetic moments are distributed randomly:
1 23.8Y Ne (6.14)See 38YeI AN
T2e
1
where Ne is the density of the electron spins. ee should be on the order of an upper
T2e
bound for W,, as this is the maximum rate at which electrons which are on-resonance with
one another will undergo flip-flop transitions. For a 40 mM solution, this results in a
maximal rate for W,r of about 35 MHz, suggesting that the system is not in the fast cross-
relaxation limit, and that the hole-burning dynamics must be explicitly calculated, rather
than using a single two-bath model to describe the behavior of the electronic system. This
is certainly not proof that cross-relaxation is not in the fast limit, as the simulations make a
number of approximations to model the dynamics. However, in the following sections, we
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will fit the cross-relaxation parameters to experimental data and show that the best fits are
achieved when the system is in the intermediate cross-relaxation regime.
Results
In this section, we will present the results of EPR and DNP measurements which
explore the mechanism of polarization transfer in the TEMPO/water/glycerol system,
particularly the role of electron-electron cross-relaxation in the process. We will also
present simulations of the main experiments in order to confirm the validity of our model.
In Figure 4.3, the magnetic field dependence of the 'H DNP enhancement of a 40
mM solution of TEMPO in 60:40 water/glycerol at 14 K under low-power (Gunn diode)
and high-power (gyrotron) irradiation is shown. Two facts suggest that the polarization
transfer under low-power irradiation proceeds via a thermal contact between electrons and
nuclei rather than via microwave-driven electron-nuclear transitions. First, the probability
of the second-order transitions at high magnetic fields is extemely low, several orders of
magnitude lower than the probability of the pure EPR transitions. Second, there is only an
observable DNP enhancement when the microwave field is on-resonance with the EPR
line. If electron-nuclear transitions were being excited, we would expect significant
enhancements off the EPR line, as in the high-power enhancement curve in Figure 4.3, in
which sizable enhancements are achieved at offsets on the order of o, from the TEMPO
EPR line. The restriction of the low-power enhancement to field strengths at which the
microwave field is on-resonance with the EPR line is more clearly evident in Figure 6.10,
which shows the 1 mM echo-detected EPR spectrum of 1 mM 4-amino TEMPO along with
the field dependence of the DNP enhancement for a 40 mM sample at 12 K. The DNP data
in Figure 6.10 was collected in an experimental setup in which the average microwave field
strength is expected to be lower than that used in Figure 4.3, due to the larger sample size.
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The shapes of the two low-power enhancement curves differ as a function of microwave
field strength.
The EPR data shown in Figure 6.10, and similar data acquired for the 40 mM
system (not shown), clearly display evidence that the EPR line is inhomogeneously
broadened, particularly in the high field region associated with the 14N hyperfine coupling
in TEMPO. However, this experiment does not give an indication of the cross-relaxation
Echo-Detected 1 mM
TEMPO EPR Spectrum
49600 49650 49700 49750 49800 49850
Magnetic Field (Gauss)
Figure 6.10: Data (circles) and simulation (solid trace) of the magnetic field dependence of
the 'H DNP Enhancement of 40 mM 4-amino TEMPO in a frozen 60:40 glycerol/water
frozen solution under irradiation with the 139.50 GHz Gunn diode source at - 12 K. The
echo-detected EPR spectrum of a 1 mM 4-amino TEMPO solution is shown above the
graph. The parameters used in the simulation are the same as those used in Figure 6.9,
with the exception of W = .0005 MHz and W,cr = 25 MHz.
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efficiency in the system, since it is only sensitive to processes on the EPR time scale (on
the order of microseconds or less), and cross-relaxation can occur at times up to the order
of the electron spin-lattice relaxation time (- 80 ms).
Unlike NMR experiments, where the entire spin system can be excited with a single
pulse (and spectral diffusion processes across the entire line can be directly monitored), the
excitation bandwidth of high-frequency EPR sources is frequently orders of magnitude
narrower than the spectral width of the EPR line. Because the microwave sources are of
fixed frequency, and the magnetic field sweep rate is not sufficiently fast to monitor
spectral diffusion across the entire EPR line, there are limited options to measure cross-
relaxation dynamics. We employed two experiments which are sensitive to cross-
relaxation processes: pulsed saturation-recovery EPR and ELDOR.
Saturation-recovery measurements monitor the rate at which a hole returns to
thermal equilibrium after a saturation pulse, using a single microwave source for excitation
and detection. ELDOR experiments monitor the rate of cross-relaxation between two fixed-
frequency microwave sources; in this case the 139.5 GHz Gunn diode and the 139.64 GHz
gyrotron. Since this frequency difference corresponds to approximately one third of the
width of the entire EPR line, this implementation should be a useful monitor of medium-
range spectral diffusion across the TEMPO line.
In Figure 6.11, the results of the ELDOR experiment are shown. The curve
measures the echo attenuation caused by the 139.64 GHz pulse as a function of the external
magnetic field for two 4-amino TEMPO solutions, the 40 mM solution which supports
DNP and a 1 mM solution, where cross-relaxation is expected to be weak.
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Figure 6.11: Experimental data and simulations of the ELDOR echo attenuation as a
function of magnetic field for a 40 mM solution and a 1 mM solution of 4-amino TEMPO
in 60/40 glycerol/water at - 11 K. An -100 ms 139.64 GHz gyrotron pulse is used for
excitation, followed by detection of the stimulated electron spin echo 10 Rs later at 139.50
GHz. The arrows labeled "PUMP" and "PROBE" are spaced at the frequency difference
between the two microwave sources to help visualize the experiment. The echo-detected
EPR spectrum at 139.50 Ghz (the "PROBE" frequency) is also shown. The parameters
used to generate the 40 mM simulation are the same as those used in Figure 6.10, except
that W is set equal to .1 MHz to account for the increased microwave power. The
simulation for the 1 mM sample uses the same parameters as the 40 mM simulation, with
the exception of the cross-polarization parameter W,, which is decreased by a factor of 40.
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The ELDOR results on the 40 mM solution show that there is substantial spectral
diffusion across the EPR line. In contrast, the 1 mM solution exhibits no significant
attenuation at any line position and suggests that the effects shown in the 40 mM solution
are not related to heating effects or other experimental artifacts. The large anisotropy in the
ELDOR echo attenuation across the EPR line for the 40 mM data is consistent with the
effective cross-relaxation rate being higher in the center of the line, where the greatest
density of spin packets resides. However, we cannot immediately draw the conclusion
from this data that the system is in the intermediate cross-relaxation limit as a similar curve
can result, in certain cases, from weak saturation of an EPR line in the fast cross-relaxation
limit.
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Figure 6.12: Saturation-recovery curves for two saturating pulse lengths in 40 mM 4-amino
TEMPO at 11 K. The experimental details are similar to those in Figure 6.13.
Pulsed saturation-recovery experiments also indicate that cross-relaxation plays an
important role in spin dynamics of the EPR line. Figure 6.12 and show recovery curves
for the 1 mM and 40 mM TEMPO solutions, respectively. The curves for the 40 mM
solution show large variations both as a function of saturating pulse length and the
magnetic field position, while such effects in the 1 mM curves are much less pronounced.
After the saturating microwave pulse, two processes can lead to recovery of the
spin polarization: cross-relaxation with other spin packets in the EPR line and spin-lattice
relaxation. Cross-relaxation processes will only contribute to the recovery curves if there is
communication between the observed spin packet and other spin packets at a rate faster than
spin-lattice relaxation, and if these other spin packets are at a different spin temperature
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from the observed spin packet. This condition will be met when the saturation pulse is not
sufficiently long for cross-relaxation to proceed fully to all coupled spins.
The 1 mM solution displays pure single-exponential recovery for a range of
saturating pulse lengths and line positions. In Figure 6.12, the curves for a 10 ms and a 60
ms saturation pulse are shown. The relaxation is slightly faster with the 10 ms pulse than
with the 60 ms pulse, indicating that there is a small component of this recovery curve
which can be attributed to spectral diffusion. The fact that the effect of cross-relaxation is
visible in the 1 mM saturation recovery data and not in the corresponding ELDOR data is
not surprising, given that ELDOR probes diffusion over a large frequency range, while the
saturation recovery experiment can probe the cross-relaxation to spins near in frequency.
Figure 6.13: (Next Page) Saturation-recovery curves at two line positions for a range of
saturating pulse lengths in 40 mM 4-amino TEMPO at 11 K. After the saturation pulse and
recovery time, a three-pulse stimulated echo sequence, with 400 ns pulse lengths and 500
ns interpulse delays, was used to detect the longitudinal polarization.
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In contrast, the relaxation dynamics of the 40 mM solution (Figure 6.13) show a
strong dependence both on the magnetic field strength and the saturating pulse length. For
short saturating pulses, we clearly observe two distinct relaxation components: a fast
component that can be attributed to cross-relaxation, and a slower component that can be
attributed to pure T relaxation. As the pulse length increases, the longer component begins
to dominate, until, as the pulse length becomes on the order of the spin-lattice relaxation
rate, the recovery curves become single-exponential. The long pulse saturates not only the
spin packet on resonance, but effectively the entire cross-relaxation channel, so that pure T,
relaxation is observed for irradiation at two line positions, 49634 G, which corresponds to
the low-field edge of the EPR line, and 49690 G, which is approximately the first moment
of the EPR spectrum.
An interesting difference between the data for the two magnetic field values is that
the curves for the 49634 G position vary substantially as a function of saturating pulse
length until the pulse is on the order the spin-lattice relaxation time (- 80 ms). However,
under irradiation at the center of the line, the curves become relatively stable above 10 ms.
This suggests that, in the center of the line, the time of cross-relaxation to most of the spin
packets in the line is short, while, at the low-field edge, there is a larger range of cross-
relaxation times, up to the spin-lattice relaxation time. This effect is even more pronounced
on the high field edge (data not shown). Like the ELDOR data, these observations are
consistent with fast cross-relaxation in the center of the EPR line, while near the edges, the
line remaining partially inhomogeneous.
Both the ELDOR and the pulsed EPR measurements, along with other arguments
made earlier in this chapter, suggest that, in order to model the DNP effect in TEMPO, a
simple picture of a purely homogeneous or inhomogeneous EPR line will not suffice. This
agrees with the fact that our attempts to simulate the DNP and ELDOR experiments using a
model6 in which cross-relaxation is in the fast limit were unsucessful. However, using the
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simulation methods presented earlier in this chapter, we have obtained reasonable fits to the
ELDOR (Figure 6.10) and the saturation recovery curves (Figure 6.11). Both the
simulations of the field dependence curve and of the 40 mM ELDOR data utilize the same
set of parameters for the cross-relaxation rate, spin-lattice relaxation rate, and relative heat
capacities of the various baths, with only the microwave saturation parameter changed
between the two experiments. The cross-relaxation rate was determined from the best fit to
these two curves, and the rest of the parameters were estimated as discussed earlier in this
chapter. It is encouraging that these fits of the experimental data resulted in a cross-
relaxation parameter of (W,cr = 25 MHz), which is below the maximal value suggested by
Equation (6.14).
The ELDOR simulation is produced by calculating the electronic spin polarization at
139.5 GHz under a CW microwave pulse at 139.64 GHz. The CW approximation is
appropriate since the length of the pump pulse is longer than the EPR spin-lattice relaxation
time and since increasing the microwave pulse length did not affect the experimental
results.
To check our estimate of the cross-relaxation rate in the 40 mM system, we
simulated the 1 mM ELDOR curve using the same parameters as the 40 system, except the
cross-relaxation rate W,, which was decreased by a factor of 40. This is justified by the
fact that the cross-relaxation rate is proportional to the average dipolar coupling between the
electronic spins, which is proportional to the concentration of electron spins. The
simulations predict that minimal ELDOR echo attenuation should be observed in the 1 mM
solution, consistent with experimental obervations.
The field dependence of the DNP enhancement is calculated in two steps. First the
steady-state solution for the electronic system under microwave irradiation is determined
without considering couplings to the nuclear spins. Then, this steady-state solution is used
in the term describing the nuclear dynamics in Equation (6.13). If we asssume the initial
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nuclear polarization is small , then the DNP enhancement will simply be proportional to the
total polarization differences among all spin pairs o n apart ( n,ni,+a ,(c -aa)).
15<iN-a
Because of the difficulty in measuring T and W,,,, we determine the shape of the
enhancement curve as a function of magnetic field strength, and normalize this curve to the
experimental data.
The field dependence simulations are extremely dependent on the microwave
saturation parameter W, which helps to explain the difference between the two
enhancement curves acquired with different microwave field strengths using the Gunn
diode source (shown in Figure 4.3 and Figure 6.10). In Figure 6.10, structure is clearly
evident in the EPR line and the maximal signal enhancement is about 12. At a larger
average microwave field strength (Figure 4.3), there is some evidence of saturation as the
enhancement is larger and some of the structure is no longer evident.
Conclusions
We have presented a model for analyzing polarization transfer via thermal mixing at
high magnetic field strengths which accounts for cross-relaxation within a
inhomogeneously broadened EPR line and have applied the model to simulate the DNP and
EPR experiments in the TEMPO/water/glycerol system. A number of experiments have
suggested that the EPR line is in the intermediate relaxation regime, and thus the three-bath
thermal mixing model does not adequately explain the polarization dynamics of the system.
The model developed here should be applicable as DNP is extended to higher
magnetic field strengths, as it is becomes increasingly likely that radicals which support
thermal mixing will not be in the fast cross-relaxation limit. Given knowlege of some basic
parameters such as the EPR lineshape and spin-lattice relaxation times, it may be possible
to develop optimal paramagnetic systems for DNP.
130
131
References
1. M. Mehring, Principles of High-Resolution NMR in Solids (Springer Verlag, New
York, 1983).
2. E. O. Stejskal and J. D. Memory, High Resolution NMR in the Solid State (Oxford
University Press, New York, 1994).
3. B. H. Meier, Chimia 48, 56 (1994).
4. A. E. Bennett, R. G. Griffin, and S. Vega, NMR Basic Princ. Prog. 33, 1 (1994).
5. K. Schmidt-Rohr, Macromolecules 29, 3975 (1996).
6. A. Abragam and M. Goldman, Nuclear Magnetism: Order and Disorder (Clarendon
Press, Oxford, 1982).
7. C. P. Slichter, Principles of Magnetic Resonance (Springer-Verlag, Berlin, 1990).
8. H. Dutz and W. Meyer, eds., Nucl. Inst. Meth. Phys. A 356, 1 (1994).
9. J. Marks, W. T. Wenckebach, and N. J. Poulis, Physica 96B, 337 (1979).
10. J. C. Sprenkels, W. T. Wenckebach, and N. J. Poulis, J. Phys. C16, 4425 (1983).
11. J. Benford and J. Swegle, High-Power Microwaves (Artech House, Boston, 1993).
12. L. R. Becerra, G. J. Gerfen, R. J. Temkin, D. J. Singel, and R. G. Griffin, Phys.
Rev. Lett. 71, 3561 (1993).
13. G. J. Gerfen, L. R. Becerra, D. A. Hall, D. J. Singel, and R. G. Griffin, J. Chem.
Phys. 102, 9494 (1995).
14. D. A. Hall, et al., Science 276, 930 (1997).
15. L. J. Berliner, ed. Spin Labeling (Academic Press, New York, 1976).
16. P. Douzou, Cryobiochemistry: An Introduction (Academic Press, London, 1977).
17. M. Goldman, Spin Temperature and Nuclear Magnetic Resonance in Solids (Oxford
University Press, London, 1970).
18. W. T. Wenkebach, T. J. B. Swanenburg, and N. J. Poulis, Phys. Rep. 14, 181
(1974).
19. R. A. Wind, M. J. Duijvestijn, C. v. d. Lugt, A. Manenschijn, and J. Vriend, Prog.
NMR. Spectrosc. 17, 33 (1985).
132
20. V. A. Atsarkin, A. E. Mefed, and M. I. Rodak, Phys. Lett. 27A, 57 (1968).
21. B. N. Provotorov, Sov. Phys. JETP 14, 1126 (1962).
22. L. L. Buishvili, Sov. Phys. JETP 22, 1277 (1966).
23. W. T. Wenckebach, G. M. van den Heuvel, H. Hoogstraate, T. J. B. Swanenburg,
and N. J. Poulis, Phys. Rev. Lett. 22, 581 (1969).
24. M. J. Duijvestijn, R. A. Wind, and J. Smidt, Physica 138B, 147 (1986).
25. W. de Boer, J. Low Temp. Phys. 22, 185 (1976).
26. V. A. Atsarkin and M. I. Rodak, Sov. Phys. Usp. 15, 251 (1972).
27. N. Bloembergen, S. Shapiro, P. S. Pershan, and J. O. Artman, Phys. Rev. 114, 445
(1959).
28. V. A. Atsarkin, Sov. Phys. JETP 31, 1012 (1970).
29. M. I. Rodak, Soviet Physics- Solid State 15, 290 (1973).
30. L. R. Becerra, et al., J. Magn. Reson. A 117, 8 (1995).
31. S. Un, J. Bryant, and R. G. Griffin, J. Magn. Reson. A 101, 92 (1993).
32. A. M. Portis, Phys. Rev. 104, 584 (1956).
33. J. Jeener, H. Eisendrath, and R. V. Steenwinkel, Phys. Rev. 133, A478 (1964).
34. H. Hoogstraate, J. van Houten, L. A. H. Schreurs, W. T. Wenckebach, and N. J.
Poulis, Physica 65, 347 (1973).
35. P. S. Pershan, Phys. Rev. 117, 109 (1960).
36. M. Hirono, J. Phys. Soc. Jap. 16, 766 (1961).
37. A. Kiel, Phys. Rev. 125, 1451 (1962).
38. W. B. Mims, in Electron Paramagnetic Resonance, edited by S. Geschwind,
(Plemum, New York, 1972) p. 263.
39. C. F. Hwang and D. A. Hill, Phys. Rev. Lett. 19, 1011 (1967).
40. D. S. Wollan, Phys. Rev. B 13, 3671 (1976).
133
